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ABSTRACT

Author: Greenler, Skye, M. MS
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Title: Acorn Dispersal and Oak Regeneration in a Managed Landscape
Major Professor: Michael R. Saunders and Robert K. Swihart
Oaks (Quercus) are a dominant tree genus and foundational component of many eastern
North American forests. In these forests, they shape the structure, wildlife habitat, and
understory light conditions; produce acorns that are a high value food source for wildlife; and are
a high-value timber resource. Across the region oaks are regenerating poorly in many forests, in
part, because of widespread fire suppression and decades of management practices that did not
align with oak disturbance ecology. This regeneration failure has spurred substantial research on
historic disturbance regimes and led to an increased use of silvicultural methods that produce
intermediate light levels, including shelterwood harvests, and prescribed fire. While these
management methods hold promise for oak regeneration, they involve substantial modifications
to forest structure and may affect crucial trophic interactions within these forests. One key
interaction is the conditional mutualism between oaks and granivorous rodents that scatterhoard
acorns, which shifts along a continuum from antagonistic to mutualistic depending on
environmental factors. While these rodents consume a substantial number of acorns,
scatterhoarded but un-retrieved acorns have a much higher chance of germination and
establishment and may also be protected from fire.
I conducted concurrent studies in a landscape-scale experiment in southern Indiana to
assess the effects of expanding group shelterwood (Femelschlag) harvests and prescribed fire on
oak regeneration patterns and acorn-rodent interactions. First, I surveyed the natural
regeneration at these sites to investigate the spatial patterns of woody regeneration within and
outside of burned and unburned shelterwood harvest gaps. The first replicate of this study had
significant competitive oak regeneration just outside of the harvest gaps on the northern, eastern,
and western sides, but the more mesic second replicate did not. At a subset of these sites, I
assessed northern red oak (Quercus rubra) acorn dispersal, survival, and cache pilferage rates in
different positions relative to shelterwood gaps in burned and unburned stands. For both

xiv
dispersal from aboveground presentations and cache pilferage, acorn survival was generally
higher in the treatment stands than paired controls, and higher in burned than unburned stands.
Acorn survival from aboveground presentations was higher in the forest matrix than harvest gap
centers; however, there was no effect of position within the stand on cache pilferage. Our results
suggest that prescribed fire and small shelterwood gaps may increase perceived habitat riskiness
for rodents resulting in higher acorn survival up to 2 years post-treatment.
Finally I assessed the effect of fall and spring prescribed fires on cached and un-cached
northern red oak and white oak (Quercus alba) seedling emergence. The odds of cached acorn
emergence were 2.3-10.9 times higher following fall and spring prescribed fires than the
unburned control. Red oak emergence was 1.9 times higher following fall burns than spring
burns, whereas white oak acorns were unaffected by burn season. This study represents a link
between the proposed oak-granivore conditional mutualism and the oak-fire hypothesis,
suggesting that prescribed fire might produce environmental conditions that push oak-granivore
interactions towards a more mutualistic relationship.
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CHAPTER 1.

1.1

INTRODUCTION

Oak forests in eastern North America
Oaks (Quercus) are a dominant tree genus and foundational component of many eastern

North American forests and global temperate ecosystems (McShea and Healy, 2002a; Smith,
2006). In eastern North America, oaks shape the structure, wildlife habitat, understory light
conditions, and food resources in many hardwood systems (Ellison et al., 2005; Fralish, 2004;
McShea and Healy, 2002a). Oaks are also a high-value timber resource in the region, and acorns
produced by oaks are a crucial food source for many wildlife species (Brose et al., 2008; Johnson
et al., 2009; McShea and Schwede, 1993; Wood, 2005). Many North American oak and hickorydominated forests are undergoing a species composition shift in which species such as American
beech (Fagus grandifolia) and maples (Acer) are replacing oak in the understory regeneration
layer (Aldrich et al., 2005; Nowacki and Abrams, 2008). Failure of oak to regenerate is a
complex problem, but widespread fire suppression and decades of management practices that did
not match oak disturbance ecology are likely contributors (Brose et al., 2008; Dey, 2002;
McEwan et al., 2011).
To promote oak regeneration, many foresters use management practices that approximate
the conditions produced by natural disturbances, including the creation of small canopy gaps and
prescribed fire. One such practice is extended and irregular shelterwood harvesting, which
involves a phased removal of the canopy over time to produce the intermediate light levels
needed to promote growth and competitive dominance by oaks over neighboring trees (Kern et
al., 2017; Raymond et al., 2009). Additionally, prescribed fire used in conjunction with, or at the
end of, a harvesting cycle will likely reduce shade-tolerant, but fire-sensitive, understory and
midstory species and further promote oak and hickory release after harvest (Hutchinson et al.,
2012; Loftis, 1990; Schlesinger et al., 1993; Van Lear and Brose, 2002).
There is evidence that oaks may regenerate well on the edge of canopy gaps where light
levels are intermediate (Lhotka and Stringer, 2013; Schmidt and Klumpp, 2005; Schulte et al.,
2011). Femelschlag, or expanding group shelterwood, harvests remove small percentages of a
stand in a series of expanding canopy gaps similar to those gaps caused naturally by wind or tree
senescence (Arseneault et al., 2011; Puettmann et al., 2009; Raymond et al., 2009). Since this
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harvesting system maintains a largely contiguous forest matrix, it can be used to convert even- to
uneven-aged stands, with high structural, age class, and species diversity (Puettmann et al., 2009;
Seymour, 2005). While Femelschlag harvests were traditionally used in diverse European
conifer stands, their high edge-to-forest interior ratio may promote advanced oak regeneration in
the forest matrix directly outside of harvest gaps in the area slated for subsequent harvests
(Arseneault et al., 2011; Lhotka and Stringer, 2013).

1.2

Oak-granivore interactions
While group shelterwood harvests and prescribed fire hold promise for oak regeneration,

they involve substantial forest structural modifications and may affect crucial trophic interactions
in these forests (Hunter and Schmiegelow, 2011; Johnson et al., 2009). One such interaction is
acorn dispersal, predation, and caching by granivorous small mammals (Kellner et al., 2016;
Steele and Smallwood, 2002). Recent studies suggest that interactions between granivorous
rodents that scatterhoard acorns and oaks represent a conditional mutualism, which shifts along a
continuum from antagonistic to mutualistic depending on environmental factors (Bronstein, 1994;
Steele, 2008; Theimer, 2005). Scatterhoarding rodents consume a substantial portion of the
acorn crop each year; however, they also place many acorns in widely dispersed caches, and
cached but un-retrieved acorns have a higher chance of germination and establishment (Haas and
Heske, 2005; Lichti et al., 2017; Steele, 2008; Sundaram et al., 2015; Vander Wall, 2001;
Zwolak and Crone, 2012). Acorns buried in granivore caches may also experience lower firerelated mortality than acorns on the ground surface (Greenberg et al., 2012).
The changes in forest structure following timber harvesting and prescribed fire likely
influence granivore acorn predation, caching, and dispersal by altering perceived predation risk
across the landscape (Olsoy et al., 2015). Timber harvests simultaneously create a higher-risk
habitat by decreasing overstory canopy cover and lower-risk habitat by increasing understory
cover (Kellner et al., 2016). Prescribed fire of low intensity tends to reduce understory cover
without altering the overstory, possibly increasing perceived habitat riskiness (Albrecht and
McCarthy, 2006; Barnes and Van Lear, 1998). The net strength of these contrasting effects
likely influences overall acorn survival, however; the ecological ramifications of these
management-induced behavioral changes are relatively unknown (Steele et al., 2015).
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1.3

Thesis objectives
This work describes natural regeneration patterns and acorn survival in a landscape

managed with expanding group shelterwood (Femelschlag) harvests and prescribed fire. These
treatments are part of a temporally replicated, landscape-scale experiment at Crane Naval base in
southern Indiana designed to both promote oak regeneration and increasing stand-level
heterogeneity. First, I investigated how orientation (N, E, S, W) within and outside of harvested
shelterwood gaps influenced species of oak, hickory (Carya), maple, sassafras (Sassafras
albidum), and tulip poplar (Liriodendron tulipifera) seedling spatial distribution. At a subset of
these sites, I assessed dispersal and survival of northern red oak acorns (Q. rubra) presented
aboveground, and cached acorn survival in shelterwood gap centers, edges, and the forest matrix
in burned and unburned stands. Finally, I assessed the effect of fall and spring prescribed fires
on cached and un-cached northern red oak and white oak (Q. alba) seedling emergence in the
field.
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CHAPTER 2.
SPATIAL REGENERATION PATTERNS FOLLOWING
FEMELSCHLAG HARVESTS AND PRESCRIBED FIRE IN THE
CENTRAL HARDWOOD REGION

2.1

Abstract

Throughout eastern North America, oaks (Quercus) are a foundational forest ecosystem
component, but are regenerating poorly, particularly on mesic sites. This regeneration failure has
spurred development of new management practices that create heterogeneous regeneration
conditions that better match oak’s response to disturbances such as surface fire and windthrow.
One such silvicultural system is Femelschlag, or expanding group shelterwood harvests, which
are designed to produce diverse regeneration conditions and produce a high edge-to-forest
interior ratio, where intermediate light levels may be beneficial for oak regeneration. I present
data on early regeneration patterns from a large-scale experiment designed to assess the
combined effects of the Femelschlag harvests and prescribed fire on oak regeneration, ecosystem
resilience, and spatial and compositional heterogeneity in the Central Hardwood Region. Using
transect-based surveys, I investigated the spatial patterns of completive woody regeneration
within and outside of burned and unburned 2- or 3-stage Femelschlag harvest gaps in factorial
replicates at two different sites. Two-years following harvest, the south-facing site had
substantial competitive oak regeneration just outside of the harvest gaps on the northern, eastern,
and western sides, but the north-facing site did not. On a stand level, tulip poplar (Liriodendron
tulipifera) and sassafras (Sassafras albidum) regeneration increased in both replicates, oak
increased in the south-facing replicate, hickory (Carya) increased in the north-facing replicate,
and maple (Acer) was relatively unaffected by the treatments. The high levels of competitive
oak regeneration in the forest matrix just outside of the harvest gaps in the south-facing replicate
hold promise to regenerate a stand with a substantial oak component and high overall diversity,
given the shelterwood harvest gaps will be expanded outward in successive entries and burned
repeatedly over time.
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2.2

Introduction
The current structure and composition of many North American forests reflects decades

of production-centered forestry practices that homogenized stands to meet rigid species
composition and structural targets (Drever et al., 2006; Long, 2009; Palik et al., 2002; Puettmann
et al., 2009). In the past 20 years, management practices, particularly on public lands, have
shifted away from historical production-focused models to more holistic methods incorporating
ecosystem and adaptive management principals (Galindo-Leal and Bunnell, 1995; Long, 2009;
Puettmann and Ammer, 2007). Contemporary forest management includes a broader
understanding of forest processes, functions, and services; however, the structure of many U.S.
forests still reflect the legacy of a century of production management (Kelty et al., 2003; North
and Keeton, 2008; O’Hara, 2002). Consequently, many of these stands have low structural and
compositional diversity and correspondingly diminished ecological memory and resilience
(Chapin et al., 2000; Webster et al., 2018). Faced with future climatic uncertainties, outbreaks of
exotic pests and pathogens, and increased severity and frequency of natural disturbances,
restoring forest diversity and resiliency while still meeting production objectives is of high
concern and importance (Mori et al., 2013; Puettmann, 2011; Puettmann et al., 2015).
Managers and ecologists increasingly recognize that restoring resilience requires
reassessing traditional harvesting methods to increase structural and compositional diversity at
multiple scales (Drever et al., 2006; Hansen et al., 1991). Diverse, heterogeneous systems tend
to be more stable, have higher and more varied ecosystem functioning, and are better able to
persist through perturbations than simplified systems (Drever et al., 2006; Tilman and Downing,
1994). Forest management based on a system’s natural disturbances and resilience holds
promise to meet production goals, while also building the systems capacity to persist in a desired
state through future stressors (Franklin et al., 2007; Long, 2009). While ecologically-based
approaches are promising theoretically, balancing these considerations with production and
profit-driven constraints is difficult, and large-scale research on these approaches is sparse
(Arseneault et al., 2011; Kern et al., 2017; Palik et al., 2002). Effectively integrating ecological
understanding and practical, on-the-ground forestry methods requires innovative research to
understand regeneration processes in the context of complex ecosystem management objectives
across different regions at large spatial and temporal scales (Fahey et al., 2018; North and
Keeton, 2008; Puettmann and Ammer, 2007).
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Many eastern North American hardwood forests are dominated by mature oak (Quercus)
and hickory (Carya) overstory, but have very little oak regeneration in the understory (Brose et
al., 2008; Guyette et al., 2002; Johnson et al., 2009). Several factors have been implicated in this
oak regeneration failure including: fire suppression; reduction of small, multi-tree canopy gaps;
invasive species; and increased ungulate herbivory (Guyette et al., 2002; Nowacki and Abrams,
2008). Regardless of the contributing factors, ultimately, management practices in the region
frequently do not match oak’s adaptations to disturbance and, therefore fail to provide the
conditions necessary for adequate regeneration (Dey, 2002; Jenkins and Parker, 1998). Loss of
oak as a dominant species will cause substantial changes in resource availability and case
cascading trophic effects throughout the ecosystem (Brose et al., 2008; McShea et al., 2007;
Smith, 2006).
Many eastern oak species exhibit intermediate shade tolerance and are adapted to fire;
however, many traditional harvesting methods do not align with these autecological traits
(Arthur et al., 2012; Dey, 2002; Johnson et al., 2009). In stands that are unharvested or lightly
harvested, more mesic, shade tolerant species such as maple (Acer) and beech (Fagus) dominate
the regeneration layer, whereas in stands with complete or very heavy overstory removal, oaks
are outcompeted by faster growing, early successional species such as tulip poplar (Liriodendron
tulipifera) and sassafras (Sassafras albidum) (Dey, 2002; Swaim et al., 2016). After decades of
fire suppression, and a corresponding increase in understory density, prescribed fire alone does
little to shift regeneration patterns (Alexander et al., 2008; Dey and Fan, 2009; Hutchinson et al.,
2012). Ecological theory and past research suggest that harvesting methods that emulate partial
or patchy stand mortality may hold promise for oak regeneration, particularly when combined
with prescribed fire (Brose et al., 1999; Fraver and White, 2005; Kern et al., 2017; Lhotka and
Stringer, 2013; Raymond et al., 2009).
There is evidence that oaks may regenerate well on the edge of and just outside of gaps
where light levels are intermediate (Lhotka and Stringer, 2013; Schmidt and Klumpp, 2005;
Schulte et al., 2011). Femelschlag, or expanding group shelterwood, harvests remove small
percentages of a stand in a series of expanding gaps creating small- to medium-sized openings in
the canopy, similar to those caused naturally by wind or tree senescence (Arseneault et al., 2011;
Puettmann et al., 2009; Raymond et al., 2009). Since this harvesting system maintains a largely
contiguous forest matrix, it can be used to convert even- to uneven-aged stands, with high
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structural, age class, and species diversity (Puettmann et al., 2009; Seymour, 2005). While
Femelschlag harvests were traditionally used in diverse, European conifer stands, their high
edge-to-forest interior ratio may promote advanced oak regeneration in the forest matrix directly
outside of harvest gaps in the area slated for subsequent harvests (Arseneault et al., 2011; Lhotka
and Stringer, 2013).
Altered regeneration along ecological edges (e.g., roads, paths, pasture boundary) is well
documented; however, there is little empirical information describing how harvest gaps alter
regeneration in the surrounding forest matrix (Arseneault et al., 2011; Lhotka and Stringer, 2013;
Matlack, 1993; Schmidt and Klumpp, 2005). Given the forest understory is typically a lightlimited system, harvest boundaries dramatically alter this resource along a spatial gradient
extending from within the harvest opening into the adjacent forest matrix (Lhotka and Stringer,
2013; Voicu and Comeau, 2006). The light that filters through a harvest gap into the adjacent
forest matrix is affected both by harvest type (e.g. size, percent overstory removed) and by edge
orientation, similar to light level variation on hills with different aspects (Matlack, 1993).
Beginning in 2014, a landscape-scale, temporally replicated Femelschlag and prescribed
fire experiment was initiated at Crane Naval base in southern Indiana to promote economically
and ecologically valuable oak regeneration while increasing stand-level heterogeneity. In this
paper, I present early spatial regeneration patterns from the first two replicates of this study. I
investigated how orientation (N, E, S, W) within and outside of the initial shelterwood harvest
gaps influenced species of oak, hickory, maple, sassafras, and tulip poplar seedling spatial
distribution in four factorial treatments: 2- and 3-stage group shelterwoods, with and without
prescribed fire. While many studies report overall abundance, I concentrated my analyses on the
presence of established seedlings to better predict future composition and available advanced
regeneration for subsequent gap expansions (Iverson et al., 2008).

2.3
2.3.1

Methods
Study Site
This research was conducted at Naval Support Activity (NSA) Crane in Martin County,

Indiana. Most of the 210 km2 of forested land on NSA Crane is secondary growth originating
from the 1850s - 1930s; has a similar history to many forests in the Central Hardwood Region; is
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managed predominantly for oak and hickory; and is relatively unaffected by base operations.
Currently, harvests at NSA Crane total approximately 1300-1500 ha per year (3 MMbf/yr),
which accounts for about 40% of annual growth on the base (T. Osmon, NSA Crane Forester,
pers. commun.).
NSA Crane lies in the Crawford Upland physiographic province, a rugged sandstone
plateau broken up by well-defined stream valleys with well-drained acid silt loam soils
(Franzmeier et al., 2004; Homoya et al., 1897). The forest matrix is predominantly mixed oakhickory and dominated by white oak (Q. alba), northern red oak (Q. rubra), black oak (Q.
velutina), shagbark hickory (C. ovata), and pignut hickory (C. glabra). These forests have been
managed using various silvicultural techniques, most recently focusing on uneven-aged
management using single-tree and group selection harvests (T. Osmon, pers. commun.).
2.3.2

Femelschlag Experimental Design
This experiment was designed to assess the combined, long-term effects of expanding

Femelschlag harvest gaps and prescribed fire on oak regeneration, ecosystem resilience, and
structural variability in the Central Hardwood Region. Two replicates were installed each of
which contained five ~10 ha treatments: 1) 2-stage expanding group shelterwood; 2) 3-stage
expanding group shelterwood; 3) 2-stage expanding group shelterwood with prescribed fire; 4)
3-stage expanding group shelterwood with prescribed fire; and 5) unharvested and unburned
control. Replicate one was installed in 2014 and generally has south and west aspect; replicate
two was installed in 2015 and generally has a north and east aspect. Each treatment will be
expanded outward on a 10-year cycle to form a mosaic of uneven-aged regeneration (Figure 2.1).
In the first cutting cycle, shelterwood gaps were created with diameters approximately 22.2 times the canopy height (~0.4 ha), and a permanent system of skid trails was established. In
subsequent cuttings, the gaps will be expanded outward so that the total area harvested from each
treatment is approximately 20% of the stand area, after which the stand will not be harvested for
50 years. The 2-stage shelterwood treatments receive midstory removal followed by a complete
overstory removal cut 10 years later. The 3-stage shelterwood treatments receive midstory
removal followed by a 50% basal area establishment cut and a 100% overstory removal cut 10
and 20 years after the initial midstory removal. In all gaps midstory removal extended beyond
the gap boundary to form a ‘midstory buffer strip’ around the gap, roughly equal to the area of
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the next planned harvest. In the first harvest cycle, the midstory removal and first overstory cut
(complete or 50%) occurred simultaneously. Prescribed fires, implemented across the entire
treatment stands in the late fall, are planned to be repeated on a 5-year cycle and are executed to
produce a variable fire severity mosaic to promote regeneration heterogeneity.
2.3.3

Data Collection
Before the initial harvests and prescribed burns, 20 randomly selected plots were

established and surveyed in each treatment stand to quantify advanced regeneration at the stand
level (~1 point/ha). At each plot, woody regeneration was surveyed at four 1.2 m diameter
circular quadrats. Quadrats were centered 6.67 m away from plot center at 45°, 135°, 225°, and
315° azimuths. At each quadrat, all woody regeneration in each height class was recorded by
species. Height classes were: 1= less than 30cm total height; 2= 30 to 60 cm total height; 3= 60
cm to breast height (1.37 m); 4=greater than breast height, but less than 1.5 cm diameter at breast
height (DBH). These points were surveyed late summer 2014 and 2015 for replicate one and
two, respectively. For replicate one, these points were resurveyed in the summer of 2016 two
years post-harvest, hereafter referred to as ‘post-treatment stand-level’.
Fine-scale regeneration surveys were conducted two growing seasons after the initial
harvests in the late summer of 2016 and 2017 to quantify initial woody regeneration in and
around harvest gaps (hereafter ‘post-treatment gap-focused’ survey). Five gaps were randomly
selected per replicate in each of the following treatments: 2-stage expanding group shelterwood;
3-stage expanding group shelterwood; 2-stage expanding group shelterwood with prescribed fire;
and 3-stage expanding group shelterwood with prescribed fire. In each gap, transects were run
from the center of the gap, as determined in ArcGIS, in each cardinal direction through the
midstory removal buffer and into the unharvested matrix. Along each transect all woody
regeneration less than 1.5 cm DBH was surveyed in 1 × 1 m2 quadrats.
Quadrat placement along the transect was determined by gap and midstory buffer strip
size so that the gap, midstory buffer strip, and matrix were all surveyed adequately. Quadrats
were positioned 1, 3, and 5 m (1-2, 3-4, and 5-6 m) from the gap centroid; halfway between the
gap centroid and gap edge; -5, -3, and -1 m from the gap edge (“gap” quadrats); 0, 2, 5, 9, 15, 27,
and 33 m from the gap edge into the midstory buffer strip (“midstory” quadrats); and 0, 2, 5, 9,
15, and 21 m from the edge of the midstory removal buffer into the unharvested matrix (“matrix”
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quadrats). When the midstory buffer strip was smaller than 33 m wide (most were) midstory
removal quadrats were not taken past the boundary with the forest matrix, and the forest matrix
quadrats began at the boundary (Figure 2.1). This sampling focused on the transition areas
between treatments where differences in regeneration were predicted to be most notable.
Transects ranged from 20-98 m with an average length of 54.7 m.
At each quadrat, all woody regeneration in each height class was recorded by species
using the same methods as the initial harvest surveys. The height and species of the tallest
seedling and tallest oak seedling in each quadrat were recorded. At each quadrat, a variable
radius point sample with a BAF 10 prism was taken to estimate basal area and a spherical
densiometer reading was taken to estimate percent canopy closure.
2.3.4

Analysis
I analyzed woody regeneration spatial patterns for oak, hickory, maple, tulip poplar, and

sassafras seedlings by calculating the proportion of quadrats that contained at least one
individual of the genus/species that was >30 cm tall, hereafter referred to as established seedlings.
These five genera and species accounted for 96% of the total individuals surveyed. I analyzed
presence of an established seedling, rather than total abundance, because as the regeneration
layer ages, seedlings will outcompete each other and quadrats will eventually be stocked with a
single individual. All analyses used program R version 3.3.2 (R Core Team, 2016), and were
conducted separately for the two replicates because year, acorn mast crop, average fire
temperature, and mast crop differed between the sites. We set the Type-1 error rate at p=0.05, but
results with p-values under 0.1 are also noted in the summary tables 2.1-2.3. For full model
results, see appendix A.
For replicate one, I used logistic regression to analyze the proportion of quadrats stocked
with at least one established individual of each focal species in pre-treatment, post-treatment
stand-level, and post-treatment gap-focused surveys. This analysis was not conducted for
replicate two because post-treatment stand-level data was not taken. To account for differentsized quadrats in the gap-focused and stand-level surveys, I used the binomial distribution with a
complementary log-log link function and an offset term for quadrat area. For all other logistic
regressions the logit link function was used.
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For both replicates, I used a mixed-effects logistic regression model to analyze how
position within a stand (gap interior, midstory buffer strip, forest matrix), treatment (burned 3stage shelterwood, unburned 3-stage shelterwood, burned 2-stage shelterwood and unburned 2stage shelterwood), transect direction (N, E, S, W), and the interaction between position and
direction affected the probability of a quadrat being stocked with at least one established seedling
for each focal group. All mixed-effects logistic regression models included transect ID as
random effect and used the lme4 package (Bates et al., 2009). For all mixed-effects logistic
regression models, I also calculated marginal and conditional R2 values, on the logit link scale, to
assess the amount of variation accounted for by fixed effects and the whole model including
random effects, respectively, using the piecewiseSEM package (Lefcheck, 2016; Nakagawa and
Schielzeth, 2013).
To better assess spatial patterns of oak regeneration, I analyzed the proportion of quadrats
stocked with a competitive oak seedling, defined as being 90% as tall as the tallest seedling in
the quadrat, using the same model structure described above. I examined how the probability of
a competitive oak seedling was affected by the presence of an established non-oak seedling (>30
cm), basal area factor, and canopy cover in three separate mixed-effects logistic regression
models for each replicate. Separate models were run for each of these analyses given
correlations between the explanatory variables. These models were included to explore factors
influencing competitive oak regeneration generalizable to other silvicultural studies, but were not
compared with a formal model selection procedure because this study was implanted to explore
effects of specific silvicultural treatments. The model assessing the effect of competitive
seedlings included the presence/absence of a competitive hickory, maple, tulip poplar, and
sassafras seedling. The models assessing the effect of basal area and percent canopy cover
estimates included: standardized basal area or percent canopy cover, burn treatment, direction,
and interaction between direction and basal area or canopy cover.

2.4
2.4.1

Results
Replicate One
The proportion of stocked quadrats with an established oak, sassafras, and tulip poplar

seedling increased 2 years following burn and shelterwood harvests in both the stand-level and
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gap-focused surveys (Fig 2.2). The proportion of established hickory and maple seedlings did
not change from the pre-treatment survey to either of the post-treatment surveys (Fig. 2.2). I was
unable to model the change in tulip poplar from the pre-treatment surveys to post treatment
because there were no quadrats with established tulip poplar seedlings in the pre-treatment
surveys.
Established oak regeneration >30 cm tall displayed a significant interaction between
position within the stand and direction, which was driven by low stocking of regeneration in the
forest matrix and midstory buffer strip on the south side of the gaps, whereas there was no effect
of cardinal direction in the gap centers (Fig 2.3). Overall there was higher regeneration stocking
in the gap centers compared to the forest matrix (z=3.66, p<0.01), and no effect of different burn
or shelterwood treatments. Overall the model accounted for 24% of the variation in oak
regeneration, 12% of which was accounted for by the fixed effects (Fig. 2.3, Table 2.1).
Established hickory regeneration was 54% and 60% lower in the burned 2-stage (z=-2.15,
p=0.03) and 3-stage (z=-2.46, p=0.01) shelterwood than the unburned 2-stage shelterwood.
Fixed effects accounted for 10% and whole model accounted for 20% of the hickory
regeneration variation. Sassafras regeneration was 3.5 times higher in the 3-stage burned
shelterwood than the 2-stage unburned shelterwood (z=2.11, p=0.03). The interaction between
position within the stand and direction was significant, driven by a high proportion of
regeneration in the matrix on the north side of the gaps compared to the other directions
(marginal R2= 0.18, conditional R2=0.36). Established tulip poplar regeneration was 61.2 times
higher in the gap (z=5.43, p<0.01) and 11.6 times higher (z=3.11, p<0.01) in the midstory
removal buffer than in the forest matrix. Tulip poplar regeneration was also significantly higher
in the 2-stage shelterwood harvests than 3-stage harvests (marginal R2= 0.41 conditional
R2=0.47). Maple regeneration was reduced in the burn treatments, but was otherwise unaffected
the treatments (marginal R2= 0.23, conditional R2=0.36) (Fig. 2.3, Table 2.1).
The overall number of quadrats stocked with a competitive oak seedling was not
substantially different than the number of quadrats stocked with an established oak seedling >30
cm, however the two metrics displayed different patterns. The interaction between position
within the stand and direction was still significant and driven by low regeneration in the southern
matrix, and a very high proportion of competitive regeneration in other three matrix directions.
Gap positions were no longer significantly higher from matrix positions (z=1.48, p=0.14). This
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model did have a lower marginal R2, 0.05, than the model for established seedlings >30 cm (Fig.
2.4, Table 2.1).
The probability of a quadrat being stocked with a competitive oak seedling was 61% and
50% lower if there was a tulip poplar (z=-4.97, p<0.01) or sassafras (z=-2.73, p<0.01) seedling
>30 cm tall in the quadrat as well. The presence of other established seedlings explained slightly
more variation than the model that included treatment effects and position within the stand
(marginal R2= 0.08, conditional R2=0.19) (Table 2.2). Basal area and canopy cover also had low
predictive ability for the presence of competitive oak with marginal R2= 0.04 and 0.04 and
conditional R2=0.13 and 0.15, respectively. The only significant factor in either of these models
was the interaction between basal area factor and western transects, which demonstrated that as
basal area factor increased, competitive oak regeneration increased more on the western side of
gaps that the southern side (z=2.3, p=0.02) (Table 2.3).
2.4.2

Replicate Two
In general replicate 2 had lower oak, sassafras, hickory, and maple regeneration than

replicate 1 and correspondingly had higher tulip poplar regeneration. Established oak
regeneration still displayed an interaction between position within the stand and direction, but it
was driven by a higher regeneration in the southern matrix. Additionally, oak regeneration was
lower in gaps than forest matrix (z=-2.39, p=0.02) (marginal R2=0.16, conditional R2=0.26).
Overall there were 5.4 times fewer quadrats stocked with an established oak seedling than
replicate 1 (Fig. 2.5, Table 2.1).
Hickory regeneration was lower in the 3-stage unburned shelterwood than the 2-stage
unburned shelterwood (z= -2.78, p=0.01). There was a significant interaction between position
within the stand and direction driven by low amounts of regeneration on the north and south
sides of the gaps compared to the east and west sides (marginal R2=0.17, conditional R2=0.34).
Sassafras regeneration was lower in the 2-stage unburned shelterwood than the 2-stage burned
(z=3.81, p<0.01), 3-stage unburned (z=2.07, p=0.04), and 3-stage burned shelterwoods (z=2.21,
p<0.01) (marginal R2=0.16, conditional R2=0.43). Similar to replicate 1, tulip poplar
regeneration was higher in the gap (z=5.90, p=0.03) and midstory removal buffer (z=3.14,
p<0.01) than in the forest matrix. It was lower in the 3-stage unburned (z=-2.13, p=0.03) and 3stage burned (z=-3.12, p<0.01) than the 2-stage unburned shelterwood, and higher in the 2-stage
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burned shelterwood than the 2-stage unburned shelterwood (z=2.69, p=0.01) (marginal R2=0.38,
conditional R2=0.44). Maple did not display any significant trends (marginal R2=0.07
conditional R2=0.29) (Fig. 2.5, Table 2.1).
Quadrats with competitive oaks were 93% less likely in the gap (z=-2.96, p<0.01) than
the forest matrix. No other factors were significant (marginal R2=0.10, conditional R2=0.14)
(Fig. 2.4, Table 2.1). The probability of quadrats stocked with a competitive oak seedling was
90% and 73% lower if there was a competitive (>30cm) tulip poplar (z=-5.49, p<0.01) or
sassafras (z=-2.13, p=0.03) seedling in the quadrat. The presence of competitors explained
substantially more variation than the model that included treatment effects and position within
the stand (marginal R2= 0.31, conditional R2=0.34) (Table 2.2). The interaction between
direction and canopy cover was significant, driven by larger increases in competitive oak
regeneration with increasing canopy cover in the southern matrix than northern matrix (z=-2.20,
p=0.03). However, generally as canopy cover increased competitive oak regeneration also
increased (z=2.03, p=0.04). Both the basal area factor and canopy cover models displayed low
marginal R2 (0.04, 0.09) and conditional R2 (0.12, 0.16) (Table 2.3).

2.5

Discussion
Many ecologically based silvicultural methods strive to regenerate diverse and

heterogeneous stands; however, this makes natural regeneration patterns more difficult to
quantify and predict (Dey, 2014; Kern et al., 2017; Webster et al., 2018). These patterns are
influenced by many complex, interacting factors including resource, seed tree, and germination
substrate availability; competition with advanced regeneration; herbivory; and seed dispersal
(Caspersen and Saprunoff, 2005; Kellner and Swihart, 2017; Webster et al., 2018). While many
silvicultural systems attempt to carefully control these variables, contemporary ecologicallybased management incorporates and promotes some or all of this complexity (Drever et al., 2006;
Puettmann and Ammer, 2007). This study describes early regeneration patterns from two
replicates of an experimental Femelschlag system in the Central Hardwood Region designed to
promote both oak regeneration and spatial and compositional heterogeneity.
The first replicate of this study had significant competitive oak regeneration just outside
of the harvest gaps on the northern, eastern, and western sides (Fig. 2.3 and 2.4). This pattern
has been discussed anecdotally for many years, but, to my knowledge, no formal studies have
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quantified this observation (Arseneault et al., 2011; Lhotka and Stringer, 2013; Schmidt and
Klumpp, 2005). Given the southern tilt of the sun in the northern hemisphere, the matrix on the
north side of the gaps receives the most light, the south side receives the least light, and the west
and east sides receive more morning and evening light, respectively, which clearly influenced
spatial regeneration patterns around the harvest gaps (Marquis, 1965). While this pattern was
evident when for established oak seedlings >30 cm, it was much more pronounced when I
accounted for the height of competing seedlings. This was driven, in part, by robust tulip poplar
regeneration in the gap interiors that overtopped oaks seedlings considered established using the
>30 cm threshold (Fig. 2.5). The importance of the interaction between position within a stand
and direction was corroborated in the low ability of canopy cover or basal area factor to predict
competitive oak regeneration (Table 2.3).
Competitive oak regeneration was substantially lower in replicate two and displayed
somewhat different patterns than replicate one (Fig. 2.4 and 2.5). Replicate two had a higher
proportion of quadrats stocked with a competitive oak in the forest matrix compared to the gap
centers, but did not display an interaction between position within a stand and cardinal direction
(Table 2.1). There are several possible drivers for these trends including lower acorn production
concurrent with the harvest, lower prescribed burn temperature, and a northern site aspect with
more mesic, cool, and damp site conditions (Johnson et al., 2009). In replicate one, the
abundance of established oak seedlings on the southern side of gaps was unexpected. A northfacing slope should exacerbate the southern tilt of the sun making the southern sides of the gaps
even shadier than the southern side of gaps on a south-facing slope (Marquis, 1965). It is
possible that this regeneration was driven by light filtering through the northern side of nearby
gaps or the ridge top.
Across both sites, managers successfully increased both structural and compositional
diversity through increasing in the sassafras and tulip poplar regeneration component in both
replicates and oak regeneration in replicate one (Fig. 2.2 and 2.5). The ratio of the marginal R2
(proportion of variation explained by fixed effects) and conditional R2 (proportion of variation
explained by the entire model including the random effect, transect) for individual species gives
an idea of the relative importance of factors related to treatments versus individual transect
characteristics such as seed tree availability (Nakagawa and Schielzeth, 2013). For tulip poplar,
fixed effects in the model, including position within a stand and silvicultural treatment, were
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more important than the variation between transects, whereas random transect-level factors
explained more of the variation in hickory and sassafras regeneration. On the more xeric site,
replicate one, transect variation was more important for xeric oak species, and treatment
variation was more important for mesic maple species. This relationship was flipped in the more
mesic replicate two, where treatment effects explained more of the variation in oak regeneration
and transect-level variation explained more of the maple variation (Table 2.1). This suggests the
diverse regeneration patterns observed in this study were likely driven by both structure
modification (for tulip poplar, and oak in rep 2, maple in rep 1), and seed tree retention or other
local ecological factors (for hickory, sassafras, oak in rep 1, maple in rep 2).
The divergent regeneration patterns between these two replicates displays the need for
experiments conducted across local resource gradients (Franklin et al., 2007; Webster et al.,
2018). Over the last decade there have been calls for regionally replicated studies, but well
replicated, local studies also have the potential to greatly improve our understanding of the
factors influencing regeneration patterns (Dey and Fan, 2009; Fahey et al., 2018; Puettmann and
Ammer, 2007; Saunders et al., 2014). Like many large-scale experiments, this study was limited
by confounding factors; however, moving forward it should be relatively easy to identify these
factors and design small-scale controlled experiments to sort them out (Saunders and Swihart,
2013). For instance, in replicate one maples and hickories were negatively affected by the burn
treatments, whereas in replicate two burns did not significantly affect either of these species. It
is not clear if this was driven by the more mesic character of replicate two, or because the burn
was cooler on this site, but it would be relatively easy to assess this experimentally (Alexander et
al., 2008; Johnson et al., 2009). Once the mechanisms driving local regeneration patterns are
better understood, it will be easier to extrapolate them regionally.
These results represent an early attempt to characterize regeneration patterns and inform
future research directions and management on these sites; however, these dynamics will likely
continue to shift (Pretzsch and Zenner, 2017; Zenner et al., 2012). The regeneration patterns
presented here are still affected by stochastic processes including seed availability, herbivory
patterns, burn heterogeneity, and inter-annual climate variation (Abrams and Johnson, 2013;
Abrams and Steiner, 2013). Considering this limitation, I chose to combine common genera
with more than one species (oaks, hickories, and maples) to explore regeneration patterns at the
site more generally, but this certainly constrained my analyses. For instance, the two most
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common oak species on my site, northern red oak (Quercus rubra) and white oak (Quercus alba),
are known to respond differently to intermediate light levels with white oak favoring >40%
sunlight, while 15-40% sunlight promotes northern red oak (Brose and Rebbeck, 2017).
Additionally, while I assessed the effect of prescribed burns, it is generally accepted that it takes
multiple burns to substantially increase oak regeneration, which potentially explains the minimal
effect of prescribed fire in my results (Arthur et al., 2012; Hutchinson et al., 2012). As
regeneration patterns stabilize at these sites, future research will be able to ask more focused
questions about the processes driving spatial patterns of community organization.
This study highlights the need for silvicultural experiments replicated across local
resource gradients, which assess how the autecology of specific species interacts with specific
management techniques and site characteristics (Puettmann et al., 2015). I showed very high
levels of competitive oak regeneration in the forest matrix outside of small shelterwood gaps on
the northern, eastern, and western edges at my more xeric site. Given the shelterwoods used in
this experiment will be expanded outward in successive entries, the higher proportion of
competitive oak regeneration in these areas holds promise to regenerate a stand with a substantial
oak component and high overall diversity. Replicate two did not display the same strong oak
regeneration, but it is possible that future prescribed burns on this site will help increase the oak
component. This study demonstrates the benefits of critically considering a system’s disturbance
ecology and the autecology of target species to adapt silvicultural methods used in seemingly
dissimilar systems, which are actually driven by similar underlying ecological processes.

Table 2.1 Significant factors and effect directions for the probability of quadrats stocked with an established (>30 cm tall) oak, hickory,
tulip poplar, sassafras, or maple seedling and competitive oak seedling (>90% as tall as tallest non-oak seedling in the quadrat) at
different positions within a stand, silvicultural treatments, direction relative to harvest groups, and position × direction interaction in
replicate one and two, which were installed fall/winter 2014 and 2015 at NSA Crane in southern Indiana. Regeneration surveys
occurred late summer 2016 and 2017, respectively. For full model results, see appendix A1-3. *** p≤0.01, **≤0.05, *≤0.1.
Replicate 1

Replicate 2

Independent variable

Oak
(>30 cm)

Oak
(comp.)

Hickory

Sassafras Tulip Poplar

(Intercept)

***

(-)

***

***

***

(-)

***

(-)

Gap

***

(+)

*

(+)

***

(+)

***

(+)

***

(-)

***

(-)

*

(+)

(-)

(-)

Midstory removal
2-stg. shelterwood w/ burn

**

(-)

3-stg. shelterwood w/ burn

**

(-)

**

(+)

3-stg. shelterwood w/o burn
East

*

(+)

***

(+)

North

***

(+)

**

(+)

West

***

(+)

***

(+)

*

(-)

***

(-)

***

(-)

**

(-)

Gap × East
Midstory removal × East
Gap × North

***

Midstory removal × North
Gap × West
Midstory removal × West
2

Marginal R

Conditional R

2

(-)

*

(-)

***

(-)

**

(-)

*

(-)

**

(-)

**

*

*

(-)

Maple
***

(-)

***

(-)

***

(-)

Oak
(>30 cm)

Oak
(comp.)

Hickory

Sassafras Tulip Poplar

***

(-)

***

(-)

***

***

**

(-)

***

(-)

*

(-)

(-)

*

(-)

***

(-)

**

(+)

**

(-)

**

(+)

(-)

***

(-)

***

(+)

***

(+)

***

(+)

***

(+)

**
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***
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*

(-)

Maple
***

(-)

*

(-)

(+)

(-)

**

(-)

*

(+)
*

(-)

0.12

0.05

0.10

0.18

0.41

0.23

0.16

0.10

0.17

0.16

0.38

0.07

0.24

0.15

0.20

0.36

0.47

0.36

0.26

0.14

0.34

0.43

0.44

0.29

Note: Reference is matrix, 2-stage shelterwood w/o burn, and south
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Table 2.2 Significant factors and effect directions for the probability of a quadrat containing a
competitive oak (>90% as tall as tallest non-oak seedling in the quadrat) given then presence of
an established (>30cm tall) hickory, sassafras, tulip poplar, or maple seedling for replicate one
and two installed fall/winter 2014 and 2015 and surveyed late summer 2016 and 2017 at NSA
Crane in southern Indiana. For full model results, see appendix A4. *** p≤0.01, **≤0.05, *≤0.1
Independent variable
(Intercept)
Hickory presence
Sassafras presence
Tulip poplar presence
Maple presence
Marginal R2
Conditional R2

Rep 1

Rep 2

***

(-)

***

(-)

***
***
*
0.08
0.19

(-)
(-)
(-)

**
***

(-)
(-)

0.31
0.34
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Table 2.3 Significant factors and effect directions for the probability of a quadrat containing a
competitive oak seedling (>90% as tall as tallest non-oak seedling in the quadrat) given the basal
area or canopy cover above the quadrat, burn treatment, position within the stand, and basal area
factor or canopy cover × direction interaction in replicate one and two. Treatments were
installed fall/winter 2014 and 2015 at NSA Crane in southern Indiana and surveyed late summer
2016 and 2017, respectively. For full model results, see appendix A5. *** p≤0.01, **≤0.05,
*≤0.1
Replicate 1
Independent variable
(Intercept)
BAF/ Canopy cover
Burn
East
North
West
BAF/Canopy cover × East
BAF/Canopy cover × North
BAF/Canopy cover × West
Marginal R2
Conditional R2

BAF

Replicate 2

Canopy
cover

***

(-)

***

(-)

*

(-)

*

(-)

*

(+)

**
0.04
0.13

(+)

Note: Reference is un-burned and south

0.04
0.15

BAF
***

0.04
0.12

(-)

Canopy
cover
***
**

(-)
(+)

**

(-)

0.09
0.16
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Figure 2.1 Map depicting replicate one including treatment stands, harvest gaps, and transect
locations. The transect inset depicts the sampling scheme along a hypothetical transect with grey
boxes indicating quadrat locations. Replicate two followed a similar design.
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silvicultural and burn treatments for the five focal groups. Pre-treatment levels are displayed for visual comparison on the leftmost
side of the graph. Treatments were installed fall and winter 2014 at NSA Crane in southern Indiana and regeneration surveys occurred
late summer 2016. Note different axis scale for tulip poplar.
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Figure 2.4 Average (± SE) proportion of quadrats stocked with a competitive oak seedling (>90% as tall as tallest non-oak seedling in
the quadrat) from replicate one and two averaged across silvicultural and burn treatments. Pre-treatment levels are displayed for
visual comparison on the leftmost side of the graph. Treatments were installed fall and winter 2014/2015 and surveyed for
regeneration late summer 2016/2017 at NSA Crane in southern Indiana.
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CHAPTER 3.
THE EFFECT OF PRESCRIBED FIRE AND
SHELTERWOOD HARVESTS ON ACORN DISPERSAL AND
SURVIVAL

3.1

Abstract

Oak (Quercus) regeneration failure in many eastern North American hardwood forests has
spurred managers to use silvicultural approaches better aligned with the autecology of oaks,
including shelterwood harvests designed to create intermediate light conditions and prescribed
fire. While shelterwoods and prescribed fire hold promise for oak regeneration, they involve
substantial modifications to forest structure and may affect crucial trophic interactions. One key
trophic interaction in oak forests is the conditional mutualism between oaks and granivorous
rodents that scatterhoard acorns, which shifts along a continuum from antagonistic to mutualistic
depending on environmental factors. We investigated how overwinter survival and dispersal of
northern red oak (Quercus rubra) acorns were influenced by prescribed fire and group
shelterwood harvests in two concurrent experiments in southern Indiana. We assessed dispersal
and survival of acorns presented on the forest floor in shelterwood gap centers, edges, and the
forest matrix in burned and unburned stands. Secondly, we investigated acorn pilferage rates
from caches mimicking squirrel scatterhoards in these same treatments, and the effect of
microsite characteristics surrounding these caches. Acorn survival was generally higher in the
treatment stands than paired controls, and higher in burned than unburned stands for both the
dispersal and cache pilferage study. Acorn survival from surface presentations was higher in the
forest matrix than harvest gap centers; however, there was no effect of position within the stand
on pilferage of cached acorns. Survival of cached acorns was correlated with understory
vegetation (-), coarse woody debris (-), and distance to nearest tree (+). Our results suggest that
reduced understory vegetation following prescribed fire may increase perceived habitat riskiness
for granivores resulting in higher acorn survival up to 2 years post-fire. Additionally, these
results suggest that the environmental conditions following timber harvesting and prescribed fire
shift the oak-granivore conditional mutualism in a direction beneficial for oak regeneration.
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1.1

Introduction
Oaks (Quercus) are a dominant tree genus and foundational component of many eastern

North American forests and global temperate ecosystems (McShea and Healy, 2002a; Smith,
2006). In eastern North America, oaks shape the structure, wildlife habitat, understory light
conditions, and food resources in many hardwood systems (Ellison et al., 2005; Fralish, 2004;
McShea and Healy, 2002a). In this region, oaks are a high-value timber resource, and acorns
they produce are important food for many game and non-game species because acorns are high
in nutrient and lipid content and easily digestible (Brose et al., 2008; McShea and Healy, 2002b;
Wood, 2005). Unfortunately, many North American forests dominated by oak and hickory
(Carya) are undergoing a compositional shift in which shade-tolerant species are replacing oak
in the understory regeneration layer (Aldrich et al., 2005; Nowacki and Abrams, 2008). Failure
of oak to regenerate in many forests is a complex problem, but widespread fire suppression and
decades of management practices that did not match oak autecological requirements are likely
contributors (Arthur et al., 2012; Dey, 2002; Loftis and Mcgee, 1993; McEwan et al., 2011).
To promote oak regeneration, management practices that approximate the conditions
produced by natural disturbances, including the creation of small canopy gaps and prescribed fire,
can be used. Extended and irregular shelterwood harvesting is one such approach; these
techniques involve a phased removal of the canopy over time to produce the intermediate light
levels needed to promote growth and competitive dominance by oaks over neighboring trees
(Kern et al., 2017; Raymond et al., 2009; Troup, 1928). This regeneration system ideally creates
a distribution of size and age classes within a stand and provides an opportunity for oak species
of intermediate shade tolerance to recruit into the next age cohort. Additionally, prescribed fire
used in conjunction with, or at the end of, a harvesting cycle can reduce shade-tolerant, but firesensitive, understory and midstory species and further promote oak and hickory release after
harvest (Hutchinson et al., 2012; Loftis, 1990; Schlesinger et al., 1993; Van Lear and Brose,
2002). While these treatments hold promise for oak regeneration, they involve substantial
modifications to forest structure and may affect crucial trophic interactions in these forests, some
of which may directly affect oak regeneration objectives (Hunter and Schmiegelow, 2011;
Johnson et al., 2009).
A key trophic interaction in oak forests is acorn predation, caching, and dispersal by
granivores, including gray squirrels (Sciurus carolinensis), eastern chipmunks (Tamias striatus),
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and mice (Peromyscus) (Kellner et al., 2016; Steele and Smallwood, 2002). Many rodent acorn
predators, most notably gray squirrels, also scatterhoard acorns and act as dispersal agents when
they place acorns in widely dispersed caches for overwinter storage, some of which are not
retrieved (Barnett, 1977; Smallwood et al., 2001). Scatterhoarded but un-retrieved acorns have a
higher chance of germination and establishment than acorns that are not cached, and seedlings
originating from cache sites experience reduced intraspecific competition (Barnett, 1977; Haas
and Heske, 2005; Steele and Smallwood, 2002; Vander Wall, 2001). Recent studies suggest that
interactions between granivores and oaks represent a conditional mutualism, which shifts along a
continuum from antagonistic to mutualistic depending on environmental factors (Lichti et al.,
2017; Steele, 2008; Sundaram et al., 2015; Theimer, 2005; Xiao and Krebs, 2015; Zwolak and
Crone, 2012). The degree to which the granivore-acorn interaction favors oaks depends on a
large suite of environmental conditions including habitat structure (Kellner et al., 2016; Sawaya
et al., 2018).
Silvicultural treatments used to promote oak regeneration, including timber harvest and
prescribed fire, dramatically alter forest structure and likely influence granivore dispersal and
pilferage behavior by altering perceived predation risk across the landscape (Olsoy et al., 2015).
Both canopy and understory cover influence how scatterhoarding granivores interact with acorns
(Bowers and Ellis, 1993; Manson and Stiles, 1998; Steele et al., 2015). For example, gray
squirrels tend to consume food more quickly where overstory cover is sparse, but also cache
acorns in riskier habitats such as canopy openings to reduce pilferage (Newman et al., 1988;
Steele et al., 2015). Eastern chipmunks attain greater densities, gather smaller seed loads, and
are more vigilant in and near open areas (Bowers and Ellis, 1993; Nelson, 2017). Similarly,
foraging rates, seed removal, and cache pilferage by granivores increase under dense herbaceous
layers (Perea et al., 2011a, 2011b; Pérez-Ramos and Marañón, 2008; Royo and Carson, 2008).
Timber harvests simultaneously create a higher-risk habitat by decreasing overstory canopy
cover and lower-risk habitat by increasing understory cover (Kellner et al., 2016). Prescribed
fire of low intensity tends to reduce understory cover without altering the overstory, possibly
increasing perceived habitat riskiness (Albrecht and McCarthy, 2006; Barnes and Van Lear,
1998).
The net strength of these contrasting effects likely influences overall acorn survival
through altered consumption, dispersal, and cache pilferage behavior. However, the ecological
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ramifications of these management-induced behavioral changes are relatively unknown (Steele et
al., 2015). Further, there are several unique granivore-acorn interactions, including the initial
decision to consume or disperse an acorn and pilferage of previously cached acorns, that may be
differently affected by habitat modification given fluctuating temporal and energetic constraints
(Lichti et al., 2017). Most past work has focused solely on seed removal. However, equating
removal to consumption is problematic in a system where some removed seeds are cached and
survive to germination (Moore and Swihart, 2008; Vander Wall et al., 2005). Previous work
assessing acorn survival in response to silvicultural treatments found that in areas that received
midstory removal, small mammal abundance was unchanged but acorn seed dispersal
effectiveness was reduced (Kellner et al., 2016, 2013). The only study conducted on the effects
of fire on oak-granivore interactions investigated post-wildfire mitigation treatments in Spain
(Puerta-Piñero et al., 2010), despite the frequent use of prescribed fire in management for oak
regeneration in North America (Arthur et al., 2012; Dey and Fan, 2009).
We implemented two concurrent experiments to evaluate how extended group
shelterwood harvests and prescribed fire influence acorn-granivore interactions. Specifically, we
assessed how dispersal and survival of northern red oak (Quercus rubra) acorns varied among
the centers of shelterwood gaps, gap edges where the midstory had been removed, and the forest
matrix in both burned and unburned sites using acorn presentation stations placed on the forest
floor in each treatment (hereafter ‘dispersal experiment’). Secondly, we mimicked squirrel
scatterhoards to investigate how pilferage of cached northern red oak acorns was affected by
position within shelterwood harvests (center, edge, forest matrix), prescribed fire, and microsite
characteristics (hereafter ‘pilferage experiment’). To our knowledge, this is the first study to
assess how different forest management treatments simultaneously alter multiple key acorngranivore interactions.

1.2
3.1.1

Materials and Methods
Study Site
The study was conducted at Naval Support Activity (NSA) Crane in Martin County,

Indiana. NSA Crane encompasses 225 km2, of which 82.5% is forested and relatively unaffected
by military operations. Most forests on NSA Crane are secondary growth from the 1850s to the
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1930s and dominated by white oak (Q. alba), black oak (Q. velutina), northern red oak, shagbark
hickory (Carya ovata), and pignut hickory (C. glabra). The main acorn dispersal agents in this
system are gray squirrel, Blue Jay (Cyanocitta cristata), eastern chipmunk, and white-footed
mouse (Peromyscus leucopus). White -tailed deer (Odocoileus virginianus), Wild Turkey
(Meleagris gallopavo), Tufted Titmouse (Baeolophus bicolor), White-breasted Nuthatch (Sitta
carolinensis), and various woodpecker (Picidae) species are also common acorn consumers
(Johnson et al., 2009; Kellner et al., 2013; McShea and Schwede, 1993; Richardson et al., 2013).
These experiments were conducted as part of a larger project investigating the utility of
expanding group, extended shelterwoods (Raymond et al., 2009; Saunders et al., 2014) coupled
with prescribed fire to promote oak regeneration. Experiments were conducted in two treatment
stands, a burned and an unburned group shelterwood, as well as an unharvested and unburned
control stand (Fig. 3.1). The burned shelterwood stand was 10.7 ha and the unburned stand was
12.0 ha, each of which included seven small (mean=0.36 ha) harvest gaps in which 50% of the
overstory basal area and all midstory (trees <20 cm dbh) were removed in fall/winter 2014. The
harvest gaps will be expanded outward every 10 years, but have only had one harvest to date.
Harvest gaps were surrounded by ~10m wide buffer strips from which subcanopy and understory
trees (i.e. midstory) was removed. Harvest gaps and surrounding midstory removal buffer strips
each accounted for ~20% of the stand area, and the remaining 60% was intact forest matrix.
Prescribed fires were conducted in the burned treatment stand in fall 2014 and averaged 218°C.
Both experiments were conducted in fall 2016 within the same harvested stands and some
of the same harvest gaps, but they did not overlap spatially (Fig. 3.1). Fall 2016 was an average
mast year in the region with mean (±SD) 15.5±18.6 acorns recorded per m2 of oak crown area
the entire fall at the nearby Hardwood Ecosystem Experiment. Over the last decade mast crops
ranged from 0-25 acorns per m2 of oak canopy at this experiment (Kellner et al., 2014;
unpublished data). A one-time mast survey at our study site yielded an average (±SD) of
2.04±3.42 intact acorns and hickory nuts per m2 of ground surface area.
3.1.2

Experiment 1: Acorn Dispersal

3.1.2.1 Experiment Design
Northern red oak acorns were collected from three trees in central Indiana in fall 2016.
Acorns were float-tested and visually inspected for cracks or weevil (Curculio and
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Conotrachelus) holes and stored according to recommendations from Dey (1995). During
processing, care was taken to minimize acorn contamination, unnatural odors, and desiccation
(Vander Wall and Jenkins, 2003). The smallest and largest 15% of acorns were discarded.
Mean (±SD) mass of acorns presented was 5.7 ± 1.6 g after removal of caps. Passive integrated
transponder (PIT) tags were inserted into each acorn following the method described by
Suselbeek et al. (2013). A 10.0 x 0.02 cm stainless steel wire was glued to the PIT tag and inside
of the acorn, which extended outside the basal (cap) end of the acorn and had a small (~5x2 cm)
plastic flag attached for increased detection and identification (Blythe et al., 2015b; Xiao et al.,
2010).
Acorns were placed in presentation stations at four burned and four unburned
shelterwood gaps and the control stand. At each gap, a presentation station was erected in the
gap center, midstory removal buffer strip, and forest matrix (hereafter position within a stand) in
a randomly assigned cardinal direction from gap center (Fig. 3.1). Directions that intersected
another gap, stand boundary, or the other experiment were randomly assigned a new direction.
Presentation stations were located 1 m north of a mature oak or hickory and consisted of a
plywood tray with small wells for individual acorns. Acorn presentation trays were placed on
the forest floor under exclosures consisting of 3.8 cm chicken wire wrapped around the sides and
top of four wooden stakes with a 15 cm gap at the bottom to allow access by small mammals, but
exclude larger acorn predators (e.g. deer, turkey), as described by Kellner et al. (2016). Four
presentation stations were randomly placed in the control stand. In total, 336 acorns were
presented.
3.1.2.2 Data Collection
Each presentation station was provisioned with 12 tagged acorns in late October. Areas
around stations were surveyed 24 hours, 2 weeks, 6 weeks, and 7 months (late May) after
presentation for removed acorns. For each survey, a 30-m radius circle (2,827m2) was
systematically searched until all seeds had been found or one person hour of search effort was
expended (Blythe et al., 2015a). When a consumed acorn was located, it was removed from the
study site. When a cached or dispersed but unconsumed acorn was located, we clipped the wire
and flag off the acorn at soil level and noted its location using a pin flag placed 1 m away in a
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random direction. For both consumed and unconsumed acorns, we estimated the distance and
measured the azimuth to the presentation station.
3.1.2.3 Analysis
We conducted three analyses, all using program R version 3.3.2 (R Core Team, 2016).
For the first, we used logistic regression to assess how position within a stand (gap interior,
midstory buffer strip, forest matrix) and burn treatment (burned, unburned) affected the
probability of acorn overwinter survival (defined as survival to final survey). We compared two
candidate models: one including the main effects of position and burn treatment and their
interaction, and another including only the main effects. We selected the main effects-only
model due to its lower AIC score. Differences between the control site and treatment site were
not tested because the experiment was not fully factorial (we did not have access to an
unharvested control that was burned), but we included these comparative data graphically. For
the second analysis, we tested how position and burn treatment affected the distance acorns were
dispersed (to the nearest meter). Dispersal distances were overdispersed relative to a Poisson
distribution (ĉ=5); thus we fit a negative binomial regression in the MASS package (Venables
and Ripley, 2002). For the third analysis, we used logistic regression to determine if dispersal
distance affected final acorn fate.
Goodness of fit for all logistic regression models was assessed using a χ2 test and an area
under the curve (AUC) calculation to assess the model’s predictive ability using the ROCR
package (Sing et al., 2005).
3.1.3

Experiment 2: Cache Pilferage

3.1.3.1 Experiment Design
Northern red oak acorns were collected, screened for defects, and stored identically to the
acorn dispersal experiment. To facilitate detection of acorns in caches without disrupting the
cache, a 0.476 cm square N52 nickel-plated neodymium magnet was secured to the basal end of
each acorn with a 2.54 cm square of fluorescent-colored duct tape. The duct tape and magnet
covered approximately the same surface area as the acorn cap. The tape was strong enough to
hold the magnet in place during handling, but was easily removed with minimal manipulation.
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We artificially cached acorns in four grids per treatment stand and one grid in the control
stand. Grids in the treatment areas extended from the gap interior through the midstory buffer
strip into the forest matrix, forming a t-shape so that equal numbers of acorns could be cached in
each position within a stand despite the smaller area of the midstory buffer (Fig. 3.1). Grid
direction was randomly determined using the same method as in the dispersal experiment. Each
sampling grid contained 99 vertices marked by pin flags, 75 of which were provisioned with
cached acorns (25 each in gap, midstory buffer, and forest matrix). The control site contained
one rectangular grid of the same area as the grids in the treatment sites. To prevent granivores
from using the pin flags as visual cues to find acorns, caches were placed 1 m from the pin flags
in a random cardinal direction, and 25% of the pin flags were shams (Stapanian and Smith, 1978;
Vander Wall and Jenkins, 2003). Due to size constraints, one grid only contained 46 acorns, for
a total of 647 cached acorns in the experiment.
3.1.3.2 Data Collection
In late October, acorns were planted in artificial caches that mimicked those created by
gray squirrels by depositing the acorns horizontally into a 2 cm-deep depression made with a
wooden dowel and re-covering them with soil and leaf litter (Sawaya et al., 2018). Caches were
surveyed 1, 2, 8, 21, and 29 weeks after caching using a magnetic locator (Schonstedt GA92XTd) to determine if the cache had been pilfered (Borchert, 2004; Stapanian and Smith, 1986).
At each cache site, we searched for acorns with the magnetic locator and visually scanned for the
fluorescent tape in expanding circles for 2 minutes. If a magnetic signal was detected, care was
taken to determine if the acorn was still in the original cache without physically disturbing the
cache site. If the magnet or tape were found on the forest floor, or no magnetic signal was
detected during the search, the cache was considered pilfered. In 60 preliminary blind trials with
and without human-simulated cache pilferage, fate was correctly identified 97% of the time,
suggesting our method provided reliable results. At the final check in mid-May 2017, we
retrieved 83% of the surviving acorns, and recorded if they had germinated and the seedling
height if applicable.
Overstory and understory microsite characteristics were measured at each artificial cache
site in mid to late October. At each point, percent herbaceous cover < 1m tall, woody cover <1m
tall, and coarse woody debris (CWD) were estimated within a 1m2 quadrat centered on the cache
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site. In addition, the diameter of the largest CWD and litter depth at quadrat center were
recorded, the distance to nearest overstory tree (>10 cm dbh) was estimated, and measurements
of basal area and percent canopy cover were taken with a 10 basal area factor prism and
spherical densiometer, respectively.
3.1.3.3 Analysis
We conducted four sets of analyses. First, we used logistic regression to assess how
position within a stand (gap interior, midstory buffer strip, forest matrix) and burn treatment
(burned, unburned) affected the probability of acorn overwinter survival (defined as survival to
final survey). We compared three candidate models: one including the main effects of position
and burn treatment and their interaction, another including only the main effects, and one model
that included the main effects and distance to gap edge (incorporating distance and directionality
into gap or forest matrix). We selected the main effects-only model based due to its lower AIC
score. As with the dispersal experiment, differences between the control site and treatment site
were compared graphically. For the second analysis, we used logistic regression to assess how
position within a stand (gap interior, midstory buffer strip, forest matrix) and burn treatment
(burned, unburned) affected the probability of germination.
Next, we assessed how silvicultural treatments influence acorn-rodent interactions via
their effects on local habitat. We examined the effects of microsite variables on cache survival
using logistic regression on microsite variables separately from the treatment response because
of correlation between treatments and microsite variables. Variables were reduced from eight to
four to reduce multicollinearity. We combined the percent woody cover and percent herbaceous
cover measurements into a metric of percent vegetation cover <1m tall because the original
variables were estimated additively in the field, and retained percent CWD cover, percent canopy
cover, and distance to nearest tree because they were all expected to influence small mammal
abundance and behavior and had a low degree of correlation with each other (r<0.32). All
variables were standardized to account for scale differences.
Finally, to assess how the position within a stand and burn treatments affected the
selected microsite characteristics; we employed both univariate and multivariate analyses. We
ran permutational ANOVAs on each variable individually and used non-metric multidimensional
scaling (NMDS) to describe the effect of burns and harvests on the microsite habitat as a whole.
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The permutational ANOVAs tested the effect of position within a stand, burn treatment, and
position within a stand × burn interaction on each microsite variable using the package lmPerm
with 99,999 maximum iterations (Wheeler and Torchiano, 2016). To depict the overall
similarity between the different treatments and degree of habitat heterogeneity within treatments,
we used NMDS with a Euclidean distance metric to reduce the 4-variable microhabitat data to a
two-dimensional representation using the vegan package (Legendre and Legendre, 2012;
Oksanen et al., 2017).

3.2
3.2.1

Results
Acorn Dispersal
Overall, 60.7% of the 336 tracked acorns were recovered, 84.3% (172) of which were

consumed and 15.7% (32) of which were intact. Of the 32 acorns that survived, 28 were cached,
1 was removed but uneaten, and 3 were not removed from the presentation stations. Position
within a stand had a strong effect and prescribed fire two years earlier had a marginal effect
(z=1.66, p=0.10) on acorn survival (Table 3.1). These differences were driven by lower survival
in the midstory (z=-2.28, p=0.02) and gap centers (z=-2.79, p=0.01) than the forest matrix and
higher survival in the burned matrix and midstory compared to the complementary unburned
sites (Fig. 3.2). This model fit the data better than the null model and had an AUC value of 0.70.
Overall, acorn survival was 1.7 times higher in the treatment sites than the control site (Fig. 3.2).
Acorns were moved significantly farther in the midstory and forest matrix than the gap
interior, but movement was unaffected by the burn treatments (Table 3.2, Fig. 3.3). This model
fit the data better than the null model and had an AUC value of 0.62. There was no effect of
distance moved on acorn fate (F1, 173=0.57, p=0.45). We were unable to statistically test for
directional differences in acorn movement (i.e. toward gap or towards forest matrix) because, of
the 175 acorns retrieved with complete distance information, only 36 (20.2%) were moved
greater than 5 m. Of these, 11 were moved toward the harvest gaps, 13 were moved toward the
forest matrix, and 12 were not moved in a clear direction in relation to the harvest gaps. None of
the acorns were moved to a different position within a stand.
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3.2.2

Cache Pilferage
Of the 647 artificially cached acorns, 43.3% (280) survived to potential germination. Of

survivors, 67.7% (157) had germinated by mid-May. The odds of cache survival were 44.2%
higher in burned than unburned treatments (z=2.17, p=0.03) and were not affected by a cache’s
position within a stand (Table 3.1, Fig. 3.2). Overall, cached acorn survival was approximately
1.5 times higher in the treatment stands than the control site (Fig. 3.2), but the model had poor
predictive ability as indicated by an AUC value of 0.55 and a non-significant χ2 test ( =5.10,
p=0.16). There was no effect of distance to edge on final fate of cached acorns, and no
significant effects of treatment were evident on acorn germination probability.
The probability of cache survival was negatively correlated with percent vegetation cover
(z=-2.47, p=0.01) and percent coarse woody debris (z=-2.32, p=0.02); positively correlated with
distance to nearest tree (z=2.00, p=0.05); and not significantly correlated with percent canopy
cover (z=0.54, p=0.59) (Table 3.3). An increase of one standard deviation in percent vegetative
cover (31.4%) resulted in a 20.1% decrease in survival; in percent CWD (15.2%) resulted in a
18.6% decrease in survival; and in distance to nearest tree (2.4 m) resulted in a 20.5% increase in
survival.
Univariate tests of harvest effects on each microsite variable showed that all four variables
were affected by the position within a stand and/or burn treatment (Table 3.4). Percent vegetation
cover displayed a significant interaction between harvest and burn treatment (F2, 566=7.74,
p<0.01). While vegetation cover generally decreased from the gap center into the forest matrix
(F2, 566=110.45, p<0.01) and was lower in burn treatments (F1, 566=124.00, p<0.01), the reduced
vegetation cover following burn treatments was much greater in the forest matrix than gap
interior (Fig. 3.4A). Percent CWD was lower in the forest matrix than gap center (F2, 566=10.94,
p<0.01), was not affected by burn treatment (F1, 566=0.12, p=0.63), and did not display a
significant position within a stand × burn interaction (F2, 566=1.603, p=0.13) (Fig. 3.4B).
Distance to nearest tree was greater in the gap than midstory buffer strips or forest matrix (F2,
566=72.20,

p<0.01), and was not affected by burn treatment (F1, 566=0.26, p=0.99). Distance to

nearest tree displayed a position within a stand × burn treatment interaction (F2, 566=3.66, p=0.03),
which was likely an artifact of site-level differences (Fig. 3.4C). Percent canopy cover was
lower in the harvest gaps (F2, 566=66.62, p<0.01), and was not affected by burn treatment (F1,
566=1.98,

p=0.66) or position within a stand × burn interaction (F2, 566=1.726, p=0.11) (Fig. 3.4D).
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Generally, NMDS axis 1 was positively correlated with percent canopy cover, and
negatively correlated with percent vegetative cover and distance to nearest tree, whereas NMDS
axis 2 was positively correlated with percent coarse woody debris (Fig. 3.5). The model
converged with a stress= 0.19. NMDS analysis revealed that, based on microhabitat variables,
artificial cache sites primarily separated based on position within a stand and secondarily based
on burn treatment. The largest dissimilarity between burned and unburned points occurred in the
forest matrix, whereas there was negligible separation based on burn treatment in the gap centers.
There was substantial overlap between 95% confidence ellipses for all of the treatments;
however the ellipses got larger as the position within the stand became more influenced by the
timber harvest (gap>midstory buffer strip>forest matrix). The areas of the forest matrix 95%
confidence ellipses were (unburned and burned, respectively) 8.29 and 4.16, those of the
midstory were 13.18 and 12.22, and those for the gap were 18.59 and 24.51 (Fig. 3.5).

3.3

Discussion
Our results suggest that using prescribed fire in conjunction with timber harvest could

increase acorn survival substantially up to 2 years post-harvest in the critical initial regeneration
phase. In both experiments, acorns in prescribed fire treatments had 1.44 and 2.07 times higher
odds of survival (Fig. 3.2), which likely was driven by reductions in understory vegetation cover
(Fig. 3.4A) and an associated increase in the perceived riskiness of these areas for granivorous
rodents (Kotler et al., 1991; Tchabovsky et al., 2001; Yahner, 1982). Increased acorn survival in
burned sites may be influenced by granivores’ tendency to more frequently cache, rather than
consume, acorns in riskier habitats to avoid conspecific cache pilferage (Moore and Swihart,
2008; Royo and Carson, 2008; Stapanian and Smith, 1978; Steele et al., 2015, 2014). These
results support the hypothesis proposed by Kellner et al. (2016) that prescribed fire may increase
acorn survival due to a short-term reduction in understory vegetation, but contrast with studies in
northern coniferous forests showing that granivores affect plant recruitment more negatively
following wildfire, perhaps because of lower intensity and smaller scale of prescribed fires
(Zwolak et al., 2010; Zwolak and Crone, 2012). We did not document any burn treatment effects
on acorn removal probability or dispersal distance, indicating that higher acorn survival in burn
sites was not associated with poor acorn dispersal.

38
Of the four microsite characteristics analyzed, only canopy cover did not have an effect
on cached acorn survival. Past studies have shown increased cache survival in open habitats
(Steele et al., 2015, 2014) due to canopy cover. In our system, the riskiness of the open canopy
may have been reduced because of the increased understory vegetation following harvest (PérezRamos and Marañón, 2008; Royo and Carson, 2008). However, for acorns presented on the
forest floor, the substantially higher survival in the forest matrix suggests that canopy cover may
influence initial acorn survival on the forest floor (Fig. 3.2). Although the contribution of
overstory and understory cover may both contribute to the perception of habitat riskiness for
acorns presented above ground, we suggest that for cache pilferage behavior, granivores may cue
into more localized understory habitat characteristics rather than general overstory cover.
High levels of habitat heterogeneity in our system may explain why artificial cache
survival was not influenced by the cache position within a stand. While the gaps had some
microsites dissimilar from the forest matrix, they also display high amounts of variability and
contained some locations that were quite similar to the forest matrix (Fig. 3.5). This habitat
heterogeneity may allow granivores to search for caches in localized areas that they perceive as
less risky within the larger landscape. Many modern silvicultural methods strive to promote high
levels of habitat heterogeneity to provide diverse wildlife habitat, regeneration microsites, and
stand resilience and resistance to future disturbances (Drever et al., 2006; Raymond et al., 2009;
Raymond and Bédard, 2017; Saunders and Arseneault, 2013). Our caching study results suggest
that timber harvest altered microsite characteristics important to small mammals, but the standlevel habitat heterogeneity was diverse enough to not alter cache pilferage behavior at the
treatment (stand) level.
It is beyond the scope of our study to fully quantify or explain how altered acorngranivore interactions universally affect oak seedling establishment. Instead, we provide an
initial exploration of the trends and processes associated with this crucial but understudied step
in oak regeneration. We observed 67% germination of cached acorns that survived granivore
predation; however, even following successful germination, many additional factors affect
successful oak establishment including competition, herbivory, and favorable site characteristics
(Dey, 2014; Johnson et al., 2009; Kellner and Swihart, 2017). Acorn-granivore interactions are
only one step in successful oak seedling establishment, but they are critically important because
un-cached acorns have an extremely low likelihood of germination, particularly in more mesic,
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competitive sites (García et al., 2002; Haas and Heske, 2005; Lichti et al., 2017). The trends we
observed will likely vary annually with changes in acorn mast crop and small mammal
population fluctuations; composition of mast-producing species; and as the habitats created by
the harvests and burns themselves mature and change (Kellner et al., 2016, 2014, Lichti et al.,
2017, 2014; Raybuck et al., 2012).
One of the management goals on our study sites is to increase habitat heterogeneity at
multiple scales, which has been successful (e.g., Fig. 3.5) and, thereby, strongly influenced our
results and the plant-animal interactions in the forest community as a whole. More
homogeneous landscapes that do not have the same array of ecological niches might display
different acorn-granivore interactions depending both upon how risk is perceived across the
landscape and the degree of connectivity to less risky habitats (Grubb, 1977; Leverkus et al.,
2015; Lichti et al., 2017; Steele et al., 2015). Given that expanding group shelterwoods utilized
in this experiment will expand harvest gaps outward in successive entries, the high acorn
survival in the forest matrix and midstory buffer strip surrounding the harvest openings holds
promise for accumulating advanced oak regeneration. Although ample anecdotal evidence exists
describing high oak regeneration just outside of small harvest gaps, only a few formal studies
have quantified this observation (e.g., Chapter 2, this thesis; Lhotka and Stringer 2013), and most
researchers have attributed the pattern to ideal intermediate light levels required for regeneration
of intermediately shade tolerant species, such as oaks (Arseneault et al., 2011; Schmidt and
Klumpp, 2005). We argue that these results may also be influenced by granivore behavior.
Although the direct influence of forest management on wildlife (i.e. abundance, use,
occupancy) is well studied, how altered patterns of wildlife use affect plant-animal interaction is
frequently overlooked (Gram et al., 2001; Murray et al., 2017; Raybuck et al., 2012), except for
large ungulate herbivory (Kota and Bartos, 2010; Rumble et al., 1996; van Ginkel et al., 2013).
Animal-mediated seed dispersal is a key interaction to consider, especially in systems where
plant species that are integral to management objectives are actively dispersed by animal species.
The small amount of research on the effects of management on seed dispersal tends to focus on
management following catastrophic disturbances, such as wildfire (Borchert, 2004; Parr et al.,
2007; Peterson and Parker, 2016; Puerta-Piñero et al., 2010). However, management effects are
not solely, or even primarily, due to high-severity disturbances and sometimes can be
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incorporated easily into management plans. For instance, our results suggest that burning in
conjunction with shelterwood harvests would substantially increase acorn survival.
Our study highlights the importance of considering plant-animal interactions when
making management decisions and harvest plans. In many eastern North American forests,
prescribed fire is frequently suggested as a tool to reduce understory competition with oak
seedlings. Our results also suggest that it could help increase acorn survival by reducing
vegetation cover and increasing habitat riskiness for acorn predators (Arthur et al., 2012; Brose
et al., 2008; Dey and Fan, 2009). Successfully integrating plant-animal interactions into
management requires a detailed understanding of what habitat characteristics are altered—
intentionally or unintentionally—and how these alterations influence key behaviorally mediated
interactions. Once the effects of management on plant-animal interactions are better understood,
managers can take advantage of animal behavior to positively influence management outcomes
and promote natural regeneration of target species.
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Table 3.1 Regression coefficients and error estimates of different positions within a stand and
burn treatments for predicting acorn survival from surface presentation stations and artificial
caches at NSA Crane in southern Indiana from October 2016 to May 2017.
Independent variable
Acorn removal

Estimate

Std. error

z-value

p-value

(Intercept)
Gap
Midstory removal edge
Burn

-1.28
-1.46
-1.20
0.73

0.39
0.52
0.52
0.44

-3.28
-2.79
-2.28
1.66

<0.01
0.01
0.02
0.10

-0.42
0.05
0.13
0.37

0.17
0.21
0.21
0.17

-2.49
0.25
0.62
2.17

0.01
0.80
0.54
0.03

Cache pilferage
(Intercept)
Gap
Midstory removal edge
Burn
Note: Reference group is Matrix, No burn
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Table 3.2 Regression coefficients and error estimates of different positions within a stand and
burn treatments for predicting distance acorns were dispersed from acorn surface presentation
stations at NSA Crane in southern Indiana from October 2016 to May 2017.
Independent variable

Estimate

Std. error

z-value

p-value

(Intercept)
Gap
Midstory removal edge
Burn

1.71
-1.13
-0.29
-0.11

0.20
0.25
0.25
0.20

8.45
-4.59
-1.16
-0.53

<0.01
<0.01
0.25
0.60

Note: Reference group is Matrix, No burn
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Table 3.3 Regression coefficients and error estimates of standardized microsite characteristics for
predicting acorn artificial cache survival. One standard deviation increase in percent vegetation
cover corresponds to a 31.39% increase in cover. One standard deviation increase in CWD
percent cover corresponds to a 15.23% increase in cover. One standard deviation increase in the
distance to the nearest tree corresponds to 2.41 m. One standard deviation increase in percent
canopy cover corresponds to a 21.13% increase in cover. Microsite data were collected in
October 2016, and survival was monitored between October 2016 and May 2017 in southern
Indiana.
Independent variable
(Intercept)
Percent vegetation cover <1m
Percent CWD
Distance to nearest tree (m)
Percent canopy cover

Estimate

Std. error

z-value

-0.19
-0.22
-0.21
0.19
0.05

0.08
0.09
0.09
0.09
0.09

-2.21
-2.47
-2.32
2.00
0.54

p-value
0.03
0.01
0.02
0.05
0.59
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Table 3.4 Permutational analysis of variance results for the effect of burn treatments (burned and
unburned), position within the stand (gap center, midstory removal buffer strip, and forest
matrix), and burn × position within the stand interaction for four microsite characteristics that
influence small mammal site occupancy and use. Data were collected October 2016 at NSA
Crane in southern Indiana.

Sum of
Squares

Independent variable
Percent vegetation cover

df

Burn treatment
Position within stand
Burn × position
Residuals

1
2
2
566

75762.0
134966.0
9453.0
345767.0

124.00
110.45
7.74

<0.01
<0.01
<0.01

1
2
2
566

27.0
4912.0
720.0
127082.0

0.12
10.94
1.60

0.63
<0.01
0.13

1
2
2
566

1.2
670.0
34.0
2625.4

0.26
72.20
3.66

1.00
0.02
0.03

1
2
2
566

931.0
62692.0
1624.0
266301.0

1.98
66.62
1.73

0.66
<0.01
0.11

F-statistic p-value

Percent CWD
Burn treatment
Position within stand
Burn × position
Residuals

Distance to nearest tree (m)
Burn treatment
Position within stand
Burn × position
Residuals

Percent canopy cover
Burn treatment
Position within stand
Burn × position
Residuals
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Figure 3.1 Map depicting study site including treatment stands, harvest gaps, acorn presentation
stations, and artificial cache grids.
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Figure 3.2 Average (± SE) proportion of acorns surviving from dispersal experiment (A) and
cache pilferage experiment (B) from October 2016 to May 2017 at NSA Crane in southern
Indiana in six different positions within a stand and burn treatment combinations. Control site
included for visual comparison. Data for survival from dispersal presentations stations only
include relocated acorns.
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Distance moved (m) ± SE
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Figure 3.3 Average (± SE) distance acorns were moved from dispersal presentation stations
between October 2016 and May 2017 at NSA Crane in southern Indiana for each position within
a stand. Burn treatments were averaged for each position, and results only include relocated
acorns.
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Figure 3.4 Average (± SE) values of percent vegetation cover < 1m (A), percent coarse woody
debris cover (B), distance to nearest tree (C), and percent canopy cover (D) at each artificial
cache for all positions within a stand and burn treatment combinations at NSA Crane in southern
Indiana. Percent cover values were collected in a 1m2 quadrat centered on a cache location. All
data collected October 2016.
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Figure 3.5 Non-metric multidimensional scaling (NMDS) of standardized values for microsite
characteristics assumed to be important for small mammal occupancy and behavior (percent
vegetation cover <1m, distance to nearest tree, percent coarse woody debris cover, and percent
canopy cover). Group centroids are shown for three positions within stands relative to harvest
gaps in different colors, and unburned and burned treatments with circles and triangles,
respectively. Ellipses around each group centroid represent 95% confidence ellipses constructed
using standard deviations for each group with dashed lines representing burned treatments and
solid lines representing unburned treatments. Data were collected in October 2016 at NSA
Crane in southern Indiana. Data points used to calculate group centroids and 95% confidence
limits shown in appendix B.
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CHAPTER 4.
ACORN EMERGENCE FOLLOWING PRESCRIBED
FIRE: THE INFLUENCE OF GRANIVORE CACHING AND SEASON

4.1

Abstract

Prescribed fire is increasingly used to promote oak (Quercus) regeneration in many hardwood
forests in eastern North America. Oaks are considered a fire-adapted genus; however little is
known about how prescribed fire affects several key components of oak regeneration, including
its effects on acorns. Acorn mortality during prescribed fires is likely affected by several
different factors including acorn dormancy, burn season, and if the acorn had been previously
cached by scatterhoarding rodents. I assessed the effect of fall and spring prescribed fires on
cached and un-cached northern red oak (Quercus rubra) and white oak (Quercus alba) seedling
emergence in situ in granivore-proof exclosures at two sites in central Indiana. The odds of
cached acorn emergence were 2.3-10.9 times higher following fall and spring prescribed fires
than the unburned control. Red oak emergence was 1.9 times higher following fall burns than
spring burns, whereas white oak acorns were unaffected by burn season. Lower winter
temperatures following fall burns may have driven observed differences between burn seasons
for northern red oak acorns. This study represents a link between the proposed oakscatterhoarding rodent conditional mutualism and the oak-fire hypothesis, suggesting that
prescribed fire might produce environmental conditions that push interactions between oaks and
scatterhoarders towards a more mutualistic relationship.

4.2

Introduction
In many deciduous forests of the eastern North America, oaks (Quercus) are a dominant

genus and foundational ecosystem component (McShea and Healy, 2002a; Smith, 2006). Oaks
shape the structure, wildlife habitat, understory light conditions, and food resources in many
forests and are also a high-value timber resource (Brose et al., 2008; Ellison et al., 2005; Fralish,
2004; McShea and Healy, 2002a). In many forests across the region, oaks are regenerating
poorly and are being replaced by more mesophytic species (Aldrich et al., 2005; Nowacki and
Abrams, 2008). This regeneration failure has led to substantial research on historic disturbance
regimes and methods to promote oak regeneration, which has spurred an increase in the use of
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prescribed fire as a management tool to promote oak (Arthur et al., 2012; Brose et al., 2013; Dey
and Fan, 2009; McEwan et al., 2007).
Oaks are generally fire adapted, with thick bark at maturity, an ability to resprout rapidly
after top-kill, and hypogeal (below soil surface) germination (Abrams, 1996; Van Lear and Brose,
2002). Recent research suggests that low-severity wildfire, both from natural ignition sources
and intentionally set by Native Americans, established oaks as dominant species in eastern North
America (Dey and Fan, 2009; Guyette et al., 2002; Spetich et al., 2011). While re-introducing
fire to this system holds promise for oak regeneration, surprisingly little is known about how fire
influences various oak regeneration stages (Arthur et al., 2012). One of the understudied
components of the oak-fire relationship is the influence of fire on acorns on the forest floor
between fall acorn drop and seedling emergence.
A key trophic interaction in oak forests is acorn dispersal, predation, and caching by
granivorous small mammals (Kellner et al., 2016; Steele and Smallwood, 2002). Recent studies
suggest that interactions between scatterhoarding rodents and oaks represent a conditional
mutualism, which shifts along a continuum from antagonistic to mutualistic depending on
environmental factors. Scatterhoarders consume and cache a substantial portion of the acorn crop
each year, but un-retrieved cached acorns have a higher chance of germination and establishment
(Bronstein, 1994; Haas and Heske, 2005; Lichti et al., 2017; Steele, 2008; Sundaram et al., 2015;
Theimer, 2005; Vander Wall, 2001; Zwolak and Crone, 2012). Cache burial may impart many
benefits including protection from desiccation or frost; safety from other seed predators; escape
from density dependent mortality; and transportation to favorable germination locations (Barnett,
1977; García et al., 2002; Hille Ris Lambers et al., 2002; Steele and Smallwood, 2002). Acorns
buried in granivore caches may also experience lower fire-related mortality than acorns on the
ground surface, but few studies have explicitly investigated this.
Cached acorn survival during and after a fire is likely affected by both oak species and
burn season. Members of the white oak group germinate precociously in the fall, sometimes
before they fall off the tree, while members of the red oak group do not break dormancy until the
spring (Bonner, 2008). Thus, fire-related acorn mortality may be influenced by an interaction
between burn season and species type. In addition to the heat produced during the fire itself,
germination may be influenced by microclimatic, physical, chemical, mineralogical, and
biological changes, which can persist for months or years (Bento-Gonçalves et al., 2012; Certini,
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2005). Given that acorns are sensitive to desiccation and red oak acorns require a cold
stratification period, increased variability in temperature and moisture following a fire may also
influence acorn survival both in caches and on the surface of the forest floor (Bonner, 2008;
Bonner and Vozzo, 1987; Fouts et al., 2017; Goodman et al., 2005; Iverson, 2002; Noland et al.,
2013).
Many authors posit that fallen acorns are killed during prescribed fires, reducing
regeneration potential in the following years; however, few studies have actually assessed this
assumption in the field (Arthur et al., 2012; Brose et al., 2013; Dey and Fan, 2009). Several
studies suggest that acorns on the soil surface during a prescribed fire suffer 40-100% mortality
and acorns placed just beneath the litter in the duff or mineral soil often exhibit increased
survival (Auchmoody and Clay, 1993; Cain and Shelton, 1998; Greenberg et al., 2012).
However, these studies only conducted winter burns; immediately removed acorns from the field
to germinate them in moist greenhouse conditions; and did not assess seedling emergence (Cain
and Shelton, 1998; Greenberg et al., 2012). By immediately testing germination in a greenhouse,
no post-fire microclimatic, physical, chemical, mineralogical, or biological changes were
considered. Many of these factors likely influence the transition from acorn germination to
seedling emergence and potential establishment. There are no studies of which I am aware that
assessed the effect of prescribed fire timing on acorn germination or emergence for any species
of acorn.
To assess the effect of fall and spring fires on cached and un-cached northern red oak (Q.
rubra) and white oak (Q. alba) seedling emergence in situ, I experimentally placed 720 cached
and 240 un-cached acorns of each species in granivore-proof exclosures at two sites in central
Indiana. At each site, there were three treatment locations, one of which was burned fall 2016,
one that was burned spring 2017, and an unburned control. Emergence was recorded for all
acorns in late May 2017, as well as winter temperatures and soil moisture.

4.3
4.3.1

Materials and Methods
Study Site
This study was conducted in two mid-successional, mixed hardwood forests in central

Indiana, Martell Forest and Scholer Woods. Both sites are owned and managed by Purdue
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University, and neither has been recently burned. At these sites, the average annual precipitation
is 97 cm; January is typically the coldest month of the year with average highs around 0 °C and
lows around -8°C; and average spring temperatures range from 4-22 °C.
4.3.2

Experiment Design
Northern red oak acorns were collected from trees in central Indiana in fall 2016 and

white oak acorns were purchased from FW Schumacher Co., Inc., in Sandwich, MA. All acorns
were float-tested and visually inspected for cracks or weevil (Curculio and Conotrachelus) holes,
and stored according to recommendations from Dey (1995).
At each site, four granivore-proof cages were erected 29-30 October 2016 in each of
three planned treatment locations: fall prescribed fire, spring prescribed fire, and an un-burned
control. Cages were made of hardware cloth with hardware cloth aprons that extended 15 cm on
the ground surface in all directions, totaled approximately 1 m × 1 m × 18 cm, and were secured
to the ground using landscaping staples (Barnett, 1977). Some cages were built with an internal
wooden frame, and others were entirely constructed from hardware cloth. In each treatment
cages were separated by ≥ 5 m and were ≥ 3 m from the burn boundary.
Each cage was provisioned with 40 northern red oak and 40 white oak acorns, 30 of
which were placed in artificial caches and 10 of which were placed on the soil surface
underneath the leaf litter. Acorns were placed 10 cm apart at vertices of a 1 m × 1 m grid within
the cage, in rows running perpendicular to the slope. Caches were created to mimic those made
by gray squirrels by depositing the acorns horizontally into a 2 cm-deep depressions made with a
wooden dowel and re-covering them with soil and leaf litter (Sawaya et al., 2018). When the
experiment was installed ~65% of the white oak acorns had visibly germinated.
4.3.3

Data Collection
At the center of each cage, one iButton temperature sensor (Maxim Integrated, Inc., San

Jose, CA) was placed in an artificial cache and one was placed on the soil surface underneath the
leaf litter. The iButtons were programed to record temperature every hour and were thinly coated
in clear rubber and placed in window cloth pouches to prevent water damage and aid in recovery.
Cages and iButtons were removed immediately before the burns and replaced afterwards. Before
the burns, temperature sensitive paint tags hanging on pigtail stakes ~15 cm off the ground
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(Iverson et al., 2004) were placed at the corner of each cage to estimate fire temperatures. Paint
tags were painted with six 1-cm dots of paint that melts at the following temperatures: 79, 121,
163, 204, 316, 427° C, thus permitting measurement of the ‘minimum’ maximum burn
temperature at each cage. Soil moisture measurements were taken before and after all burns and
periodically throughout the experiment using a HydroSense II Cambell Scientific moisture probe
with 12 cm measuring rods. Emergence for all sites was recorded 23 May 2017.
4.3.4

Analysis
I used a mixed-effects logistic regression model to assess how burn treatment (fall burn,

spring burn, unburned control), species, and the interaction between burn treatment and species
affected the probability of spring seedling emergence (defined as having at least one, alive, true
leaf). This model included site as a random effect and was preformed using the lme4 package
(Bates et al., 2009) in program R version 3.3.2 (R Core Team, 2016). I calculated marginal and
conditional R2 values, to assess the amount of variation accounted for by fixed effects and the
whole model including random effects, respectively, using the piecewiseSEM package (Lefcheck,
2016; Nakagawa and Schielzeth, 2013).
I calculated the number of ‘cold degree hours’, for acorns in different burn treatments and
placements accumulated between 20 November 2016 and 20 January 2017. Cumulative cold
degree hours were calculated as the sum of all hourly temperature readings below 3°C minus the
3° baseline. 3°C was chosen as the cold stratification threshold based on optimal cold
stratification temperatures for northern red oak from Bonner (2008). The effect of burn
treatment (fall burn, and unburned control), placement, and burn treatment × placement on total
cold degree hours accumulated over the 2-month period was analyzed using a permutational
ANOVA with the package lmPerm and 99,999 maximum iterations (Wheeler and Torchiano,
2016). I did not include the spring burn sites in this model because it had not yet been burned
during the winter temperature-recording period. Differences between burn treatment and
placement combinations were assessed with Tukey’s HSD test using the multcomp package
(Hothorn et al., 2008).

55
4.4

Results
Of the 1,920 acorns placed in fall 2016, 99 (5.2%) emerged. Only two of the 99 acorns

that emerged were from a surface placement, so I only analyzed probability of emergence for the
1,440 cached acorns. Both white oak and northern red oak acorns had higher emergence in the
burned treatments than the unburned control. The interaction between acorn species and burn
treatment was marginally significant (z=1.90, p=0.06). For white oak acorns the odds of cached
acorn emergence were, on average, 2.35 times higher following spring and fall burns compared
to the unburned control and were not affected by burn season. For northern red oak acorns the
odds of emergence were 10.91 times higher following fall burns and 5.76 times higher following
spring burns than the unburned control. Overall the model accounted for 24.6% of the variation
in acorn emergence, 19.6% of which was accounted for by the fixed effects (Fig. 4.1, Table 4.1).
The cumulative number of degree cold hours accumulated between November 20th, 2016
and January 20th 2017 were higher in in the fall burn (F 1,25=54.78, p<0.01) and higher for the
acorns on the surface (F 1,25=16.29, p<0.01). The interaction between placement and burn
treatment was not significant (F 1,25=0.82, p=0.40) (Fig. 4.2, Table 4.2). The temperature
difference between the daily average high and low was 1.5 times greater for the acorns in the fall
burn (surface: 6.01, cached: 2.93 °C) than the spring burn (surface: 3.89, cached: 1.86 °C) and
was approximately twice as high for the acorns on the surface within a treatment (Fig. 4.3).
The average ‘minimum/maximum’ temperature recorded by paint tags at each cage for
the fall burns ranged from 204 -288 °C and averaged 230 °C. Spring burns were cooler, with
cage averages ranging from 47 to 152 °C and an overall average of 94°C. These temperatures
are likely underestimates of actual surface temperatures given the short residency time of these
burns. All burns, at a minimum, blackened the litter layer in all of the cages.
I did not record any notable changes in soil moisture immediately following fall or spring
burns. For all sites the average post-burn soil moistures were within the variation recorded in the
non-burned sites during the same period. There were also no noteworthy changes in soil
moisture over the course of the study for the different burn treatments.
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4.5

Discussion
Prescribed fire is typically considered to be most beneficial for oak when used at the

beginning or end of the regeneration period as a site preparation and competitive release tool
(Arthur et al., 2012; Brose et al., 2013; Dey and Fan, 2009). Many managers caution against
using prescribed fire after acorn drop or during seedling establishment because of assumed acorn
mortality in the fire; however, little research has actually been conducted to assess this
assumption. This study suggests that, contrary to the long held paradigm that fire kills acorns,
northern red oak and white oak acorns in simulated granivore caches survived though fall and
spring prescribed fires and had much higher emergence than cached or un-cached acorns in
unburned sites. This emergence rate was likely driven by a combination of protection from heatrelated mortality within the caches and favorable emergence microsite conditions created by the
fires (García et al., 2002; Iverson, 2002; Johnson et al., 2009; Wang et al., 2005). Iverson et al.
(2002) found that in a similar system temperatures 1cm below the soil surface were only 9.3°C
higher than pre-burn temperatures, which is well below the threshold that would immediately kill
acorns.
I found evidence that northern red oak emergence was lower following spring burns than
fall burns, which could be driven by higher mortality during the spring burn, by more favorable
winter and spring conditions following the fall burn, or by a combination of both. White oaks
were not affected by burn season. Northern red oak acorns exhibit embryo dormancy and require
a cold stratification period of temperatures below 2-5 °C for 30-90 or days, but white oak does
not (Bonner, 2008; Dey, 1995). Given this, the 27.6 more cold degree-days accumulated by the
cached acorns in the fall burn site than cached acorns in the control (which was equivalent to the
spring burn sites over the winter) may have disproportionately benefited northern red oak acorns
(Table 2, Fig. 3). There is no clearly defined threshold for cold stratification duration or
temperature, but most sources recommend cold stratification for 2-3 months, which was likely
not met during my study (Bonner, 2008; Dey, 1995). In warmer locations within their range, the
increased cold stratification potential following fall prescribed fires could promote northern red
oak germination. Additionally northern red oak acorns do not break dormancy until the spring
whereas white oak acorns break dormancy in the fall, so red oak acorns may have been more
vulnerable to mortality during spring burns than fall burns (Greenberg et al., 2012).
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Many other factors may have influenced the increased emergence following the
prescribed fires. While I recorded soil moisture differences in the top 12 cm of the soil, moisture
in the duff and litter later may be more important for acorn survival and germination. Moist leaf
litter can help avoid acorn desiccation, but in more mesic forests litter and duff that is too damp
can harbor a variety of insects, fungi, and nematodes that can cause acorn damping off (rotting)
pre- and post-emergence (Arthur et al., 2012; Barrett, 1931; Johnson et al., 2009). I did not
quantify the cause of acorn mortality, but many acorns in the unburned control site appeared to
have rotted underneath the litter layer. I am unaware of definitive research on the proportion of
viable acorns lost to damping off in more mesic hardwood forests, but managers in the area do
discuss this mortality agent as a barrier to acorn germination. Deep litter and duff layers that
accumulate in unburned stands can also inhibit radicle growth into the soil and full seedling
emergence (Dey and Fan, 2009; Facelli and Pickett, 1991; Johnson et al., 2009). Garcia et al.
(2002) found a similar negative effect of leaf litter in several experiments reporting the highest
emergence rate for northern red oak acorns that were buried but uncovered by litter. Finally, it
has been suggested that acorns may benefit from chemical, mineralogical, or nutrient changes
following a burn, but little research has been done to explore these mechanisms (Abrams and
Steiner, 2013; Johnson et al., 2009; Regan and Agee, 2004).
These results represent a single growing season and site. Future research is needed to
explore the connections between prescribed fire and acorn emergence temporally and spatially.
This research needs to be done in situ to capture the full suite of environmental changes and
conditions created by fire. If fire is shown to promote acorn emergence across sites and years,
carefully designed, factorial lab and field experiments can help elucidate the factors influencing
acorn emergence following prescribed fires. Once these factors are understood they may be able
to be integrated into other forms of oak-regeneration focused management. There is frequent
discussion about the effects of burn season on different management objectives and how to
maximize the ecosystem and management benefits of prescribed fires (Barnes and Van Lear,
1998; Brose et al., 2008). If future research also demonstrates a strong effect of burn seasonality
on acorn mortality, burn dates should be tailored to maximize the benefits of and minimize the
mortality caused by prescribed fires. Additionally, experiments assessing if cached acorn
survival varies between burned and unburned areas will be important.
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This study represents a link between the proposed conditional mutualism between oaks
and scatterhoarding rodents and the oak-fire hypothesis (Abrams, 1992; Nowacki and Abrams,
2008; Steele, 2008; Theimer, 2005). My results suggest that prescribed fire might produce
environmental conditions that push the conditional mutualism between oaks and scatterhoarding
rodents towards a more mutualistic relationship, given increased acorn survival in caches in
burned sites compared to both uncached acorns in burned sites and all acorns in unburned sites.
To date most elements of the oak-fire hypothesis relate to the ability of young oaks to resprout
following fire and mature oaks to withstand fire better than their competitors (Arthur et al., 2012;
Dey, 2002). These results suggest that fire could also benefit oaks by increasing seedling
emergence from granivore caches following fire, at least in the more mesic portions of its range.
While some mortality of un-cached acorns likely occurs during a fire, past research has
demonstrated that, in the absence of fire, un-cached acorns have a very low probability of
germination, so mortality of these acorns in a fire is unlikely to have a substantial effect on
overall seedling emergence (García et al., 2002; Haas and Heske, 2005; Lichti et al., 2017).
While the evolutionary relationship between oaks and scatterhoarding granivores is debated
(Steele, 2008; Sundaram et al., 2015), it is quite possible that increased acorn survival in
granivore caches during/after a fire helped to establish oaks as dominant genus when fire was a
much more frequent disturbance in eastern hardwood forests.
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Table 4.1 Regression coefficients and error estimates of burn treatment (fall burn, spring burn,
control), acorn species, and species × burn treatment interaction on the probability of seedling
emergence from artificial granivore caches in spring 2016 in central Indiana.
Independent variable

Estimate

Std. error

z-value

p-value

(Intercept)
Fall burn
Spring burn
Red oak
Fall burn × Red oak
Spring burn × Red oak

-3.04
0.81
0.89
-1.84
1.58
0.86

0.45
0.37
0.36
0.77
0.83
0.85

-6.82
2.22
2.47
-2.40
1.90
1.01

<0.01
0.03
0.01
0.02
0.06
0.31

Note: Reference group is Control, White oak
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Table 4.2 Permutational analysis of variance results for the effect of placement (cached, uncached), burn treatment (fall burn, control), and placement × burn treatment interaction on the
cumulative cold degree hours between November 20th, 2016 and January 20th, 2017.
Temperatures recorded by iButton data loggers in Central Indiana.

Independent variable

df

Sum of
Squares

Placement
Burn treatment
Placement × Burn treatment
Residuals

1
1
1
25

7,124,038
2,118,243
107,038
3,251,055

F-statistic

p-value

54.78
16.29
0.82

<0.01
<0.01
0.40
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Proportion acorns emerged ± SE
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Figure 4.1 Average (± SE) proportion of northern red oak and white oak acorns emerged by late
May, 2017 in sites treated with fall prescribed fire, spring prescribed fire, and unburned controls
in central Indiana.
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Figure 4.2 Average (± SE) number of cold degree hours accumulated by iButtons placed in
artificial granivore caches and on the soil surface underneath the leaf litter layer, in fall
prescribed burn treatments and unburned control sites between November 20th, 2016 and January
20th, 2017. Cumulative cold degree hours were calculated as the sum of all hourly temperature
readings below 3°C minus the 3° baseline. Temperatures recorded by iButton data loggers in
Central Indiana.
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Figure 4.3 Daily average temperature (red line) bounded by the average maximum and minimum
temperatures (light blue shading) and number of cold degree hours accumulated (black line) by
iButtons placed in artificial granivore caches and on the soil surface underneath the leaf litter
layer, in fall prescribed burn treatments and unburned control sites between November 20th, 2016
and January 20th, 2017. Dotted lines indicate the two fall burns conducted November 15th and
17th, 2016. Cumulative cold degree hours were calculated as the sum of all hourly temperature
readings below 3°C minus the 3° baseline. Data recorded by iButton data loggers in central
Indiana.
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CHAPTER 5.

5.1

CONCLUSIONS

Summary
This suite of studies was designed to assess the response of, and interactions between,

two trophic levels following ecologically-based timber harvest and prescribed fire. In the past 20
years, many management methods have shifted towards more ecologically driven practices based
on a system’s natural disturbances (Galindo-Leal and Bunnell, 1995; Long, 2009; Puettmann and
Ammer, 2007). When carefully planned and implemented, these methods hold promise to meet
production goals while increasing structural and compositional diversity and building diversity
and resilience (Franklin et al., 2007; Long, 2009; Puettmann, 2011). While there is a substantial
body of literature discussing these methods theoretically, research on these approaches is
surprisingly sparse, particularly on the interactions between production- and ecosystem-based
management objectives (Arseneault et al., 2011; Kern et al., 2017; Palik et al., 2002).
The bulk of my work occurred within a long-term experiment designed to promote oak
regeneration, ecosystem resilience, and structural variability in the Central Hardwood Region
using Femelschlag, expanding group shelterwood, harvests and prescribed burns (Chapters 2-3).
Natural regeneration surveys suggest that managers have successfully increased structural and
compositional diversity while establishing robust oak regeneration at some of the sites (Chapter
2). The increased structural and compositional diversity created by these harvests clearly
influenced the acorn-granivore interactions in this system. However, our results suggest that the
stand-level habitat heterogeneity was diverse enough to not dramatically shift cache pilferage
behavior (Chapter 3). Analysis of microsites at different positions relative to the harvest gaps
showed that while the gaps had some microsites dissimilar from the forest matrix, they also
displayed high amounts of variability and contained some areas that were quite similar to the
forest matrix (Chapter 3). This high heterogeneity within harvest areas likely provided both
localized areas that granivores perceived as lower risk, and diverse niches for woody
regeneration.
One of the most exciting aspects of this research was the effect of prescribed fire on the
conditional mutualism between oaks and scatterhoarding granivores. For many years, scientists
have discussed separately the scope and historical basis of the oak-fire hypothesis and oak-
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granivore conditional mutualism (Abrams, 1992; Theimer, 2005). These hypotheses posit that,
since oaks are a fire-adapted species, they were established as a dominant component in eastern
hardwood forests during an era when fire was a common disturbance (Arthur et al., 2012; Brose
et al., 2013; Dey and Fan, 2009); and that the interaction between acorns and scatterhoarding
granivores shifts between mutualistic and antagonistic depending on environmental conditions
(Bronstein, 1994; Lichti et al., 2017; Theimer, 2005). I present evidence that links these two
processes. Namely, reduced understory vegetation following prescribed fire may increase
perceived habitat riskiness for granivores resulting in higher acorn survival up to 2 years postfire, and cached acorn emergence following fall and spring burns is substantially higher than
cached or un-cached acorns in unburned sites. If future research on how acorn-granivore
interactions are mediated by fire, across years and sites, produces similar results, it is possible
that increased rodent-mediated acorn survival and emergence in the years following fire may
have helped to establish oak as dominant genus in eastern hardwood forests and could do so in
the future.

5.2

Future directions
In many ways these studies spurred more questions than they answered and built a

framework for a series of future studies to explore the trends presented here in a more
mechanistic fashion. At the most basic level, the patterns described in these experiments will
continue to shift and stabilize as annual resources fluctuate, future treatments are conducted at
the site, and as the habitats created by the harvests and burns themselves mature and change.
Continuing to track how the diverse management goals on these sites affect regeneration
trajectories, wildlife behavior, and their interactive effects will build a deeper understanding of
how the balance between economic and ecologic objectives fluctuates through time and how to
harness these interactive effects to maximize future management success.
More concretely, my work offers a foundation for many future questions, both
mechanistic and regarding ecological patterns and processes, including:
1. What factors influenced the different oak regeneration patterns observed between
the two sites in Chapter 1? Are there environmental conditions (ex. burns, high
acorn crops) that will promote robust oak regeneration on mesic north-facing
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slopes in more productive portions of the range of Quercus, or is it better to
solely focus oak regeneration efforts on more xeric locations?
2. How long is granivore behavior influenced by prescribed fire effects? I
documented altered behavior two growing seasons following burns, but this
effect may or may not last much longer.
3. What is the best tracking method for acorns in managed forests in the eastern
United States? Removal from our aboveground presentation stations was very
low until late winter indicating that some element of our design may have
rendered the acorns I presented less favorable than other acorns; however, other
studies have successfully used these methods.
4. What mechanisms drive high acorn survival in sites that are burned between
acorn drop and oak seedling emergence? Possible mechanisms include:
increased cold stratification; increased spring temperatures during germination;
decreased litter moisture; chemical effects from ash/char; or a response to the
heating from the fire itself. Are the results I documented in relatively mesic sites
consistent across the eastern United States?
5. Is acorn cache pilferage behavior affected by a fall prescribed fire following
caching? This could be easily tested in an experimental framework similar to the
acorn pilferage study in Chapter 3.
6. When acorn dispersal, cache pilferage, and cache survival are considered in
tandem, what are the net effects of prescribed fire on oak seedling emergence?
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APPENDIX A. REGENERATION REGRESSION RESULTS

Table A.1 Regression coefficients and error estimates for the probability of established (>30 cm
tall) oak, hickory, tulip poplar, sassafras and maple seedlings at different positions within a stand,
silvicultural treatments, direction relative to harvest groups, and position × direction interaction
in replicate one, which was installed fall/winter 2014 at NSA Crane in southern Indiana.
Independent variable
Oak
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

Estimate

Std. error

z-value

p-value

-3.16
2.29
0.88
-0.33
-0.27
-0.12
1.34
2.18
2.54
-1.32
-0.72
-2.12
-1.69
-2.24
-1.60

0.67
0.63
0.73
0.42
0.42
0.42
0.72
0.70
0.71
0.74
0.87
0.73
0.87
0.73
0.85

-4.69
3.66
1.20
-0.77
-0.63
-0.28
1.86
3.11
3.59
-1.77
-0.83
-2.92
-1.95
-3.05
-1.88

<0.01
<0.01
0.23
0.44
0.53
0.78
0.06
<0.01
<0.01
0.08
0.41
0.00
0.05
0.00
0.06

Hickory
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

-1.84
0.52
-0.32
-0.78
-0.91
-0.25
-0.32
-1.31
0.66
-0.07
-0.40
0.99
1.11
-1.33
-0.95

0.49
0.48
0.63
0.36
0.37
0.33
0.67
0.88
0.61
0.73
0.99
0.92
1.08
0.68
0.87

-3.76
1.08
-0.51
-2.15
-2.46
-0.76
-0.48
-1.50
1.09
-0.10
-0.40
1.08
1.03
-1.95
-1.09

<0.01
0.28
0.61
0.03
0.01
0.45
0.63
0.13
0.27
0.92
0.69
0.28
0.30
0.05
0.28

Tulip Poplar
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn

-3.19
4.11
2.45
-0.01

0.76
0.76
0.79
0.28

-4.19
5.43
3.11
-0.03

<0.01
<0.01
<0.01
0.98
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3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

-0.77
-1.77
0.78
0.22
1.49
-0.98
-0.90
-0.53
-1.13
-1.50
-1.69

0.28
0.30
0.92
1.05
0.90
0.94
0.99
1.07
1.14
0.92
0.98

-2.72
-5.88
0.84
0.21
1.65
-1.03
-0.90
-0.49
-0.99
-1.63
-1.73

<0.01
<0.01
0.40
0.83
0.10
0.30
0.37
0.62
0.32
0.10
0.08

Sassafras
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

-3.00
0.88
0.35
0.27
1.20
-0.68
-0.21
1.19
-1.70
0.38
0.16
-1.12
-1.63
1.94
1.83

0.61
0.47
0.55
0.59
0.57
0.61
0.68
0.59
1.12
0.71
0.82
0.62
0.78
1.13
1.20

-4.91
1.87
0.64
0.45
2.11
-1.11
-0.31
2.02
-1.52
0.54
0.19
-1.80
-2.09
1.71
1.53

<0.01
0.06
0.52
0.65
0.03
0.27
0.75
0.04
0.13
0.59
0.85
0.07
0.04
0.09
0.13

Maple
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

-2.38
0.00
0.55
-1.34
-2.33
0.10
-1.07
0.69
-0.58
1.24
1.07
-0.05
-0.63
1.24
0.21

0.63
0.65
0.71
0.45
0.57
0.38
0.97
0.77
0.90
1.04
1.11
0.85
0.94
0.95
1.03

-3.76
0.01
0.78
-2.95
-4.05
0.25
-1.10
0.89
-0.64
1.19
0.97
-0.06
-0.68
1.31
0.20

<0.01
1.00
0.44
<0.01
<0.01
0.80
0.27
0.37
0.52
0.23
0.33
0.95
0.50
0.19
0.84

Note: Reference group is matrix, 2-stage shelterwood w/o burn, and south
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Table A.2 Regression coefficients and error estimates for the probability of established (>30 cm
tall) oak, hickory, tulip poplar, sassafras and maple seedlings at different positions within a stand,
silvicultural treatments, direction relative to harvest groups, and position × direction interaction
in replicate two, which was installed fall/winter 2015 at NSA Crane in southern Indiana.
Independent variable
Oak
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

Estimate

Std. error

z-value

p-value

-2.11
-2.68
-0.22
-0.40
-0.24
-1.06
-0.78
-0.72
-1.33
2.80
-0.27
2.17
0.76
2.98
1.42

0.62
1.12
0.69
0.46
0.46
0.56
0.82
0.82
0.91
1.34
1.17
1.37
1.03
1.41
1.09

-3.43
-2.39
-0.32
-0.87
-0.53
-1.90
-0.95
-0.87
-1.45
2.10
-0.23
1.58
0.74
2.11
1.31

<0.01
0.02
0.75
0.38
0.60
0.06
0.34
0.38
0.15
0.04
0.82
0.11
0.46
0.04
0.19

Hickory
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

-2.76
0.48
0.38
-0.49
-0.18
-1.57
1.01
0.06
1.26
-2.13
-1.09
-1.49
0.25
-1.32
-0.41

0.72
0.70
0.78
0.45
0.45
0.56
0.82
0.93
0.79
0.95
1.00
1.11
1.09
0.85
0.93

-3.83
0.69
0.49
-1.09
-0.40
-2.78
1.24
0.07
1.60
-2.25
-1.09
-1.35
0.23
-1.55
-0.44

<0.01
0.49
0.63
0.28
0.69
<0.01
0.22
0.94
0.11
0.02
0.27
0.18
0.82
0.12
0.66

Tulip Poplar
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn

-2.54
3.30
1.84
0.78
-0.90
-0.61

0.57
0.56
0.59
0.29
0.29
0.29

-4.46
5.90
3.14
2.69
-3.12
-2.13

<0.01
<0.01
<0.01
<0.01
<0.01
0.03
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East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

-0.10
0.36
-0.43
0.27
0.27
-0.20
0.18
0.31
-0.05

0.74
0.68
0.76
0.77
0.81
0.71
0.76
0.79
0.84

-0.13
0.53
-0.56
0.35
0.34
-0.29
0.24
0.39
-0.06

0.89
0.60
0.58
0.72
0.73
0.78
0.81
0.70
0.95

Sassafras
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

-3.70
-0.23
0.18
2.28
1.36
1.29
-0.01
-0.32
0.48
0.15
-0.06
-0.32
-0.99
-1.39
-0.51

0.75
0.54
0.59
0.60
0.62
0.62
0.78
0.80
0.75
0.75
0.82
0.79
0.92
0.79
0.80

-4.96
-0.43
0.31
3.81
2.21
2.07
-0.02
-0.40
0.64
0.20
-0.07
-0.40
-1.08
-1.76
-0.63

<0.01
0.67
0.75
<0.01
0.03
0.04
0.99
0.69
0.52
0.84
0.94
0.69
0.28
0.08
0.53

Maple
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

-5.02
0.82
-0.17
0.39
1.04
0.32
0.78
0.73
1.28
-0.46
0.67
-0.11
0.42
-1.52
0.37

1.21
1.13
1.45
0.63
0.60
0.64
1.33
1.33
1.23
1.41
1.72
1.40
1.74
1.36
1.62

-4.16
0.72
-0.12
0.62
1.72
0.50
0.58
0.55
1.04
-0.33
0.39
-0.08
0.24
-1.12
0.23

<0.01
0.47
0.91
0.53
0.09
0.62
0.56
0.58
0.30
0.75
0.70
0.94
0.81
0.26
0.82

Note: Reference group is matrix, 2-stage shelterwood w/o burn, and south
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Table A.3 Regression coefficients and error estimates for the probability of competitive oak (>90%
as tall as tallest non-oak seedling in the quadrat) at different positions within a stand, silvicultural
treatments, direction relative to harvest groups, and position × direction interaction in replicates
one and two, which were installed fall/winter 2014 and 2015 at NSA Crane in southern Indiana.
Independent variable
Rep 1 oak
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West
Rep 2 oak
(Intercept)
Gap
Midstory removal buffer
2-stage shelterwood w/ burn
3-stage shelterwood w/ burn
3-stage shelterwood w/o burn
East
North
West
Gap × East
Midstory removal buffer × East
Gap × North
Midstory removal buffer × North
Gap × West
Midstory removal buffer × West

Estimate

Std. error

z-value

p-value

-2.04
0.65
0.64
-0.29
-0.05
0.36
1.52
1.20
1.48
-1.51
-1.78
-1.37
-0.73
-1.20
-1.34

0.45
0.44
0.49
0.30
0.29
0.28
0.51
0.53
0.54
0.56
0.64
0.57
0.64
0.58
0.65

-4.49
1.48
1.30
-0.99
-0.18
1.29
2.98
2.28
2.73
-2.70
-2.77
-2.38
-1.15
-2.07
-2.06

<0.01
0.14
0.19
0.32
0.85
0.20
<0.01
0.02
0.01
<0.01
<0.01
0.02
0.25
0.04
0.04

-1.49
-1.76
-0.36
-0.66
0.27
-0.32
-0.59
-1.07
-0.50
1.10
-0.09
1.25
0.45
0.86
0.32

0.47
0.60
0.53
0.39
0.34
0.38
0.60
0.66
0.56
0.83
0.83
0.90
0.88
0.81
0.75

-3.19
-2.96
-0.67
-1.69
0.79
-0.84
-0.99
-1.61
-0.89
1.33
-0.11
1.40
0.51
1.06
0.43

<0.01
<0.01
0.50
0.09
0.43
0.40
0.32
0.11
0.37
0.18
0.92
0.16
0.61
0.29
0.67

Note: Reference group is matrix, 2-stage shelterwood w/o burn, and south
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Table A.4 Regression coefficients and error estimates for the probability of a quadrat containing
a competitive oak (>90% as tall as tallest non-oak seedling in the quadrat) given then presence of
an established (>30cm tall) hickory, sassafras, tulip poplar, or maple seedling for replicates one
and two installed fall/winter 2014 and 2015.
Independent variable
Rep 1
(Intercept)
Hickory presence
Sassafras presence
Tulip poplar presence
Maple presence
Rep 2
(Intercept)
Hickory presence
Sassafras presence
Tulip poplar presence
Maple presence

Estimate

Std. error

z-value

p-value

-0.80
-0.31
-0.69
-0.93
-0.60

0.12
0.27
0.25
0.19
0.31

-6.53
-1.17
-2.73
-4.97
-1.93

<0.01
0.24
<0.01
<0.01
0.05

-1.90
-0.34
-1.29
-2.36
-0.79

0.17
0.50
0.61
0.43
0.75

-11.42
-0.68
-2.13
-5.49
-1.05

<0.01
0.50
0.03
<0.01
0.29
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Table A.5 Regression coefficients and error estimates for the probability of a quadrat containing
a competitive oak (>90% as tall as tallest non-oak seedling in the quadrat) given the basal area or
canopy cover above the quadrat, burn treatment, position within the stand, and basal area factor
or canopy cover × direction interaction in replicate one and two. Treatments were installed
fall/winter 2014 and 2015 at NSA Crane in southern Indiana.
Independent variable

Estimate

Std. error

z-value

p-value

Rep 1: Basal area factor
(Intercept)
BAF
Burn
East
North
West
BAF × East
BAF × North
BAF × West

-1.33
-0.10
-0.36
0.33
0.35
0.57
0.20
0.44
0.71

0.24
0.22
0.20
0.29
0.29
0.29
0.29
0.29
0.31

-5.58
-0.43
-1.81
1.13
1.20
1.96
0.68
1.51
2.30

<0.01
0.67
0.07
0.26
0.23
0.05
0.50
0.13
0.02

Rep 1: Percent canopy cover
(Intercept)
-1.27
BAF
0.11
Burn
-0.40
East
0.30
North
0.31
West
0.47
BAF × East
0.07
BAF × North
0.31
BAF × West
0.10

0.25
0.15
0.21
0.30
0.31
0.30
0.21
0.22
0.21

-5.17
0.73
-1.91
0.98
1.02
1.54
0.34
1.40
0.48

<0.01
0.46
0.06
0.33
0.31
0.12
0.73
0.16
0.63

Rep 2: Basal area factor
(Intercept)
BAF
Burn
East
North
West
BAF × East
BAF × North
BAF × West

-2.50
0.09
-0.03
-0.32
-0.48
-0.26
0.22
0.26
0.47

0.32
0.09
0.28
0.40
0.40
0.40
0.31
0.32
0.30

-7.90
0.99
-0.11
-0.81
-1.20
-0.66
0.72
0.81
1.55

<0.01
0.32
0.91
0.42
0.23
0.51
0.47
0.42
0.12

Rep 2: Percent canopy cover
(Intercept)
-2.94
BAF
1.11
Burn
0.00
East
0.13
North
0.02
West
0.08
BAF x East
-0.81
BAF x North
-1.37
BAF x West
-0.46

0.44
0.55
0.27
0.51
0.51
0.55
0.65
0.62
0.72

-6.70
2.03
0.00
0.25
0.04
0.14
-1.26
-2.20
-0.65

<0.01
0.04
1.00
0.80
0.97
0.89
0.21
0.03
0.52

Note: Reference group is un-burned and south
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APPENDIX B. MICROHABITAT NMDS POINTS

4

Gap, No burn
Gap, Burn
Midstory, No burn
Midstory, Burn
Matrix, No burn
Matrix, Burn

3

2

1

0

−1

−2

2

1

0

−1

−2

−3

−4

Figure B.1 Non-metric multidimensional scaling (NMDS) of standardized values for microsite
characteristics assumed to be important for small mammal occupancy and behavior (percent
vegetation cover <1m, distance to nearest tree, percent coarse woody debris cover, and percent
canopy cover). Points used to calculate group centroids and 95% confidence ellipses in Fig.5.
Data were collected in October 2016 at NSA Crane in southern Indiana.
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conservation resource. Colorado College Biology Symposium. Colorado Springs, CO. April
2014.
5. Greenler S. Does previous land use create a nitrogen legacy in restored prairies? Michigan
State Univ. Kellogg Biological Station undergraduate symposium. Gull Lake, MI. Aug. 2013.
6. Greenler S. A comparison of bird populations in live fences, riparian forests, shade-grown
cacao, and preserved tropical rainforest in northeastern Costa Rica. ACM Costa Rica
Symposium. San Jose, Costa Rica. May 2013.
Extension Presentations
1. Greenler S, Saunders M. The great clearcut controversy: An inquiry based STEM unit.
Environmental Education Association of Indiana Conference. Morgantown, IN. Oct. 2017.
2. Greenler S. The great clearcut controversy middle school lesson plans. Indiana Natural
Resources Teacher Institute. Martinsville, IN. June 2017.
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3. Beheler B, Greenler S, Roche, D. Forest management at Martell: balancing resource
management, research, and teaching. City of West Lafayette Wednesdays in the Wild. West
Lafayette, IN. May 2017.
4. Wang H, Knobloch N, Greenler S, Johnson A. Integrated STEM education through
agriculture, food, and natural resources: Graduate students’ practical knowledge of
integrating STEM as non-formal STEM educators. Indiana STEM Education Conference.
West Lafayette, IN. Jan. 2017.
Posters
1. Estrada L, Greenler S, Saunders M, Swihart R. The effect of forest management practices on
components of acorn dispersal and survival. Joint meeting of The Indiana American
Fisheries Society & the Indiana chapter of The Wildlife Society. Lafayette, IN. February
2018.
2. Greenler S, Saunders M. Fine scale spatial variation in woody regeneration following
ecologically based timber harvest. Ecological Society of America Annual Meeting. Portland,
OR. August 2017.
3. Saunders M, Greenler S. Application of expanding group shelterwood systems and
prescribed fire to regenerate oak-dominated hardwood ecosystems. National Silvicultural
Workshop. Flagstaff, AZ. July 2017.
4. Greenler S. The great clearcut controversy: An inquiry-based STEM unit. Purdue Forestry
& Natural Resources Symposium. West Lafayette, IN. April 2017.
5. Estrada L, Greenler S, Swihart R, Saunders M. The influence of prescribed burning and
timber harvest on acorn pilferage. Purdue Forestry & Natural Resources Symposium. West
Lafayette, IN. April 2017.
6. Greenler S, Saunders M. Promoting oak regeneration through prescribed fire and silviculture:
Early results. Central Hardwood Oak Ecology & Wildlife Management Conference.
Nashville, IN. March 2017.
7. Greenler S, Saunders M. Promoting oak regeneration through prescribed fire and silviculture:
Early results. Purdue Forestry & Natural Resources Symposium. West Lafayette, IN. April
2016.
8. Greenler S, Saunders M. Promoting oak regeneration through prescribed fire and silviculture:
Early results. Central Hardwood Forest Conference. Columbia, MO. March 2016.
9. Greenler S. Does previous land use create a nitrogen legacy in restored prairies? Colorado
College Department of Biology Symposium. Colorado Springs, CO. April 2014.
10. Dubielzig R, Scott E, De Lombaert M, Earnst S, Greenler S. Malignant cancer after trauma
or presumed trauma in cats. The Association for Research in Vision and Ophthalmology
Annual Conference. Seattle, WA. May 2013.
11. Dubielzig R, Scott E De Lombaert M, Earnst S, Greenler S, Esson D. Feline ocular posttraumatic sarcoma (FOPTS), a review of 325 cases. The American College of Veterinary
Ophthalmologists. Portland, OR. Oct. 2012.
12. Dubielzig R, De Lombaert M, Greenler S. Early-life trauma, anterior chamber collapse
syndrome, thoughts about pathogenesis. The European College of Veterinary
Ophthalmologists. Trieste, Italy. May 2012.
13. Dubielzig R, Southwick J, Scott E, De Lombaert M, Earnest S, Strong T, Greenler S. Feline
ocular post-traumatic sarcoma, a summary of 325 cases in the COPLOW database. European
College of Veterinary Ophthalmologists. Trieste, Italy. May 2012.
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GRANTS AND AWARDS
Grants
2017
2017
2017
2016
2015

Purdue Graduate Student Travel Grant, $250
Ecological Society of America Applied Ecology Section Travel Award, $400
Ecological Society of America Student Section Travel Award, $300 (declined)
Purdue Forestry and Natural Resources Equipment Grant, $2,595
Purdue Graduate Research Assistantship, $18,960/year

Honors and Awards
2017
2016
2016
2014
2014

First Place, Forestry and Natural Resources Poster Symposium, Purdue University
NSF Graduate Research Fellowship Program, Honorable Mention
Golden Key Honor Society, Purdue University
Phi Beta Kappa Society, Colorado College
Richard G. and Reba Beidlemand Award, Colorado College

TEACHING
Teaching Experience
2017
2017
2011-14

Teaching Assistant and Guest Lecturer Forest Ecology, Purdue University
Laboratory Lecturer and Instructor Laboratory in Ecology and Systematics of
Birds, Purdue University
Catamount Institute Outdoor Education Intern Colorado Springs, CO
Developed and led Young Environmental Stewards (YES) Club Science lessons to
inspire environmental stewardship for 4th and 5th graders

Undergraduate Research Mentorship
2016-

Laura Estrada, Influence of timber harvest and prescribed fire on acorn pilferage,
Purdue University

OTHER
Certifications
201520132015-

Wildland Firefighter Type II (Red Card Certification), Indiana DNR
Wilderness First Responder, Wilderness Medicine Institute of NOLS
Chainsaw Safety and Maintenance, Basic, Purdue University

Professional Memberships
201720172017-

American Association for the Advancement of Science
Ecological Society of America
Society of American Foresters

